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ABSTRACT: The results of theoretical and exper-
imental studies of phenomena connected with stall
and spin, and with the escape of aircraft from
those regimes which involve complex nonstation-
ary motion of an airecraft in space, are presented
in this book. Particular attention is paid to
the results of flight experiments (tests) of
modern atircraft for stall and spin.

The conditions for supersonic jet aircraft
entering critical (turbulent) regimes are ex-
amined, as well as the characteristics of sta-
bility and maneuverability at large angles of
attack and the effect on these characteristics of
a number of factors: angular velocities for
banking aircraft, Mach number, flight altitude, etc.
A classification and analysis of the stall and
spin regimes are given, as well as the reasons
for their occcurrence and the specific features
of the course of these regimes in modern air-
eraft. The causes and character of stall and
entry into spin at high supersonic speeds and
high flight altitudes (including the dynamic ceiling)
are shown. Methods are developed for inecreasing
the safety of flight at large angles of attack,

This book was intended for scientific
workers, engineers, and pilots, as well as
teachers and students of aviation institutes.

9 tables, 140 illustrations; bibliography: 43
entries.
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FOREWORD

In recent years, in connection with a substantial increase in
the speeds and flight altitudes of supersonic aircraft, there has
been observed a great variety of critical flight regimes involving
stall and spin. These are dangerous flight 'regimes when, under
normal flight conditions, premeditated entry into these regimes
is prohibited. However, in some special cases, involuntary
entry of an arcraft into such a regime is possible. Therefore,
considerable attention is being devoted to the study of the specific
features of flight of modern supersonic aircraft in critical re-
gimes, and in regimes close to critical, and to the piloting methods
required for escape from these regimes.

A knowledge of the particular features of flight and piloting
in critical regimes, and an understanding of the physical essence
of the causes which bring them about, are necessary to engineers
and pilots connected with production, testing, and final adjustment,
or with flight testing of supersonic aircraft. A deeper understand-
ing of specific features of the behavior of such aircraft in crit-
ical regimes, the causes for their sideslip and for going into a
spin, can aid pilets, not only in avoiding such regimes, but
also in recovery, i.e., it can bring about an increase in flight
safety. Therefore, in presenting the materials in this book, we
will give special attention to a description of the physical pic-
ture of the phenomena.

Until the present, there have been no articles in which
specific features of the flight and piloting of supersonic airecraft

in critical regimes were examined in great detail. Recent publi-
cations on this theme have involved only certain individual prob-
lems. This book is an attempt to collect and present in rather

complete form, the principal theories and experimental data re-
lated to the specific features of the behavior, maneuverability,
stability, and technical procedures for piloting supersonic air-
craft in flight regimes which are critical and near-critical.

This book gives the results of studies by Soviet and foreign
scientists, engineers, and test pilots. Some results of theoreti-
cal, bench, and flight tests conducted by this author or with his
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participation are also given in the book. These tests deal with
the effect of altitude and Mach number on the characteristics of
maneuverability and stabllity of supersonic aircraft, and the de-
velopment of piloting methods for reliable recovery of the aircraft
from stall and spin, etc.

The methods for calculating the parameters, as well as the
description of the causes and physical nature of new phenomena
connected with the entry of supersonic aircraft into critical re-
gimes which are presented in this book, are the first to be pub-
lished in the literature.

The author would like to express his deep gratitude to
M. L. Gallay, a Candidate in Technological Sciences and a Hero of
the Soviet Union, who made a number of valuable comments in study-
ing the manuscript. The author would be grateful for any comments
and advice which might aid in improving this book. Please send
them to "Mashinostroyeniye", Moscow K-51, Petrovka 24, U.S.S.R.
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CONVENTIONAL SYMBOLS

Minimum flight speed (instrument speed for rectilinear
flight without slipping into a Cyqt regime);

Minimum permissible flight speed (instrument speed for

rectilinear flight without slipping into a cyper regime);

Safety flight speed (minimum instrument flight speed at
which, for a given aircraft under the conditions of nor-

mal flight, it is still possible to carry out elementary
maneuvers safely);

Vector of the resultant angular velocity for rotation of
the aircraft;

Angular velocity for rotation of the aircraft in the
original flight regime, and its increase in disturbed
motion;

Projections of the vector 8 on an axis in a system of
coordinates connected with the aircraft: oxi,0y1, and
0z1 (angular velocities of roll, yaw and pitch, respec-
tively)s

Load factor vector

. . .+ .
Projections of the vector m on an axis of a system of
coordinates connected with an aircraft: ox;,0y; and 03,
(longitudinal, vertical, and lateral stresses, respec-

tively);

Angle of attack for stall (angle of attack for the be-
ginning of an aircraft's stall in normal flight);

Angle of attack for stall in an inverted flight (angle
of attack for the beginning of an aircraft's stall dur-

ing flight "upside down");

Critical angle of attack (angle of attack for an air-
craft in the regime cymax);

Critical angle of attack in inverted flight (angle of
attack for an aircraft in the regime cymin);

Angle of deviation for the controls;
Force on the control knob (or control stick) ;3

Force on the pedals (the difference in stresses applied
by the pilot to the right and left pedals);

Vi1
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2z - Movement of the control knob (stizk);

x - Movement of the pedals;

Jx,Jy,Jz - Axial moments of inertia for an aircraft relative to the
corresponding axes of the related system of coordinates;

Ix,Iy,IZ - Plane moments of inertia for the aircraft (relative to /€

the planes y,021,210% 1, and xjoy; connected with the air-
craft's system of coordinates, respectively);

- maximum 1ift coefficient (maximum value for the 1lift co-
efficient when the altitude, Mach number, angle of slip
"and external configuration of the aircraft in normal
flight are known);

e
Ymax

*9,
‘%K +P 1
_6\1‘1 szppr.—PpL p.l, 'y‘(
db .

+5r} Pp>0,if Pp.p >
/{-?K Pp.l. ~ -

Srig"n be used for
right aileron

~[P"e'7xe]  t [Pé;xe]
-3,
f € \H{’S tabilizer 4

D/
J+3e %tabﬂizer

Fig. 0.1. System Designated for the Axes of the Coordinates Con-
nected with the Aircraft, and Rule of Signs.

CYymin Minimum 1ift coefficient (maximum absoclute value for the
1ift coefficient when the altitude, Mach number, angle
of slip and external configuration of the aircraft in

normal flight are known);

- Lift coefficient during a stall (corresponds to the

®Yst
angle of attack for stall);

viii
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Cys

cyper

axes
rule

load

- Lift coefficient for the beginning of a buffet (corres-

ponds to the onset of buffet);

- Maximum admissible value for the 1ift coefficient at high

supersonic flight speed (obtained by full deflection of
the control stick backward);

Maximum permissible value for the 1ift coefficient, ac-

cording to the conditions for flight safety (restriction
according to the buffet, according to the appearance of

instability, etc) in normal flight of an aircraft.

The designations in this book for the correct system of related
of the coordinates (All-Union State Standard 1075-41), and the
of signs are shown in Figure 0.1.

In accordance with this, the signs of the vector components for

factor are determined

ny>0
nx<0
ny>0
ny<0
ng>0

7’LZ<O

as follows:

if the pilot is pressed against the back of the seat
(flight speed increases);

if the pilot moves away from the back of the seat
(flight speed decreases);

if

if

if

if

the

the

the

the

pilot
pilot
pilot

pilot

is pressed down into the seat;
is raised out of the seat;
leans to the left (B<0);

leans to the right (B>0).
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INTRODUCTION

The flight regimes occurring at angles of attack equal to, or
exceeding in absolute value, the angles of attack for the beginning
of a stall are called critical, or, more precisely, critical in angle
of attack (in the future, for the sake of brevity, we will call
them simply critical or disturbed regimes). Such regimes are stall
and spin. In a normal (not inverted) flight, these regimes corres-
pond to angles of attack of a > ag¢ while, in inverted flight
(flight "upside down), they correspond to angles of attact of
a < ugt (Fig. 0.2). TFor certain aircraft, the angles of attack for
stall coincide with the critical angles of attack:

ofa
w

ota
o = o and o’ .
st cr st cry

790

xdeg

Fig. 0.2. Coefficient of Lift Versus Angle of Attack of
the Aircraft (An Asterisk Indicates the Parameters of In-
verted Flight, or Flight "Upside Down"),

Stall and spin are not forms of piloting which are intention-
ally carried out under conditions of normal flight of an aircraft.
They are non-cruising flight regimes for civil, as well as for
military,aircraft. However, experiments with mass flight tests,
and in particular, an analysis of aircraft emergencies and acci-
dents, show that modern supersonic aircraft are no less likely to
enter critical regimes than are subsonic aircraft. According to
the foreign statistical data we havel, out of all the aviation

1TSee footnote on page xZ.
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emergencies or accidents in recent years, about 15-20% were caused
by entry of aircraft into these regimes.

The unintentional entry of supersonic aircraft into critical
regimes can occur as follows: as a result of errors in piloting
during flight at large angles of attack, at high original angular
velocities of vrotation of the aircraft or high supersonic Mach
numbers of flight, and also, naturally, during an emergency (for
example, the breakdown of the control system), or by the effect of
incidental external factors (the action of a strong explosion wave,
entry into the turbulent wake of an aircraft flying ahead, etc.).
The specific features of the behavior, characteristics of stability
and maneuverability, conditions and methods for piloting the air-
craft in critical regimes, all differ basically from those in all
other (cruising) flight regimes. The pilot's work during entry of
an aircraft into critical regimes is made much more complicdted.

The transition to high supersonic velocities and high flight
altitudes has caused the appearance of substantial differences in
the dynamics and piloting of supersonic airvecraft, in comparison
to subsonic speeds, in all the flight regimes, including critical
regimes.

In order to increase flight safety, various aerodynamic design
methods, gauges and signaling devices, flight restrictions, and
piloting procedures are all being used, whose goal is to prevent
the possibility of involuntary éntry of an alrcraft into critical
regimes. If the aircraft nevertheless enters them, the pilot must
have reliable methods for escaping such regimes. Unfortunately,
there has as yet been no development of methods which guarantee the
impossibility of involuntary entry of aircraft into these regimes
under any conditions (including the most complicated flights -
for example, during aerial combat, when the pilot is interested
particularly in pursuing the enemy, and the conditions for combat
maneuvering require that the aircraft emerge at great angles of
attack.).

Therefore, recent examinations of problems related to the
study of the specific features of flight and piloting of aircraft
in critical regimes are of special interest. OFf particular note
is the problem of the necessity for a careful study of critical
regimes and a development of methods for guaranteeing flight safety
at large angles of attack, in view of the large number of commer-
cial passenger aircraft flying at high altitudes. These problems
have very important theoretical and practical significance.

During the first years of the birth and development of aviation,
stall and the aircraft's going into a spin, as a rule, ended in an

1 W. Pleines: Probleme der Kurzstart Flugzeuge, (Problems of
STOL Aircraft), Luftfahrttechnik, Vol. 8, No. 3, 1962.



accident (the lack of parachutes excluded the pilot's vacating the
aircraft). We know of only isolated cases when the aircraft spun
to the ground, and the pilot survived. This could occur, in par-
ticular, if the aircraft went into a spin with relatively large
average values for the angle of attack, in a regime when the resul-

tant velocity of the aircraft was relatively low. However, the
existence of such particularly specific regimes was never suspected
in those days. A large number of emergencies and accidents at that

time were explained by the aircraft's entry into vortices in the
air, although in fact (as became evident later on) the real cause
was stall, with subsequent entry into spin.

Subsequently, according to the reports of pilots who had been
saved after the aircraft went into a spin and the descriptions of
eyewitnesses, the fact of occurrence and the character of such a
complex and poorly-controlled flight regime were established. After
this, theoretical and experimental studies of spin were begun. They
were directed toward an explanation of the essence of this phenome-
non, in order to work out recommendations for preventing the pos-
sibility of spin and stall, and alsoc for finding methods for recovery
of the aircraft fromthis regime when entry into it could not be
prevented.

The first studies in this direciion which provided mainly an
understanding of the physical picture of the phenomena occuring
during an aircraft's entry into spin. and recommended methods for
recovery of the aircraft from a spin, were made in the Soviet Union
by V. S. Pyshnovz, and abroad by H. Glauert. Subsequently, Profes-
sor Pyshnov, an esteemed scientist and technologist and Doctor of
Technical Sciences, conducted a number of detailed studies of the
specific features of spin, the piloting procedures for pulling air-
craft out of spin, and development of methods for calculating the
spin characteristics of aircraft, which yielded important practical

results. The studies on spin begun by Pyshnov and Glauert were
then continued in studies by a number of scientists, test pilots,
and engineers. The study of these dangerous flight regimes is

still going on.

Studies of the critical flight regimes are being conducted by
theoretical as well as experimental methods: analytical calculations,
experiments with the aid of dynamically-similar models in wind
tunnels, modeling of the regimes of stall and spiun with real time
simulators, calculations on adding machines, studies on free-
flight models, and flight tests of real aircraft. Diverse studies
on critical regimes, expanding our knowledge of the physical es-
sence of the spin of subsonic aircraft, and developing methods for
recovery from these regimes, were carried out by the esteemed sci-

2 v.S. Pyshnov: Shtopor Samoletov (Spin in Aircraft). Trudy
Voyennoy Vozdushnoy Akademii RKKA im. Zhukovskiy, Coll. 1, 1929.
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entist and technologist, Professor A. N. Zhuravchenko3, Doctor of
Technical Sciences. Natural flight testing of an aircraft in spin
was first done in the Soviet Union under the direction of Professor
V. S. Vedrov, Doctor of Technical Sciences, with the talented aid
of the test pilot and engineer, Yu. K. Stankevich®.

A great contribution to the study of critical regimes was made
by the following Soviet scientists: Professor V. F. Bolotnikov,
Doctor of Technical Sciences, Professor B. T. Goroshchenko, Doctor
of Technical Sciences, Professor G. S. Kalachev, Doctor of Technical
Sciences, and Ye. A. Pokrovskiy, Candidate of Technical Sciences.
Many important articles on the study of spin were written by Ya. I.
Teteryukov, Candidate of Technical Sciences, Engineers M. M. Mikhay-
lov, V. P. Tulyakov and V. M. Zamyatin, and others.

Some very complex and rewarding flight studies and tests of
aircraft in critical regimes could not have been carried out with-
out the talented aid of highly-qualified test pilots, among whom
we should single out: Vv. P. Chkalov, M. M. Gromov, Yu. K. Stanke-
vich, A. N. Grinchik, Ya. I. Vernikov, S. N. Anokhin, G. A. Sedov,
A, I. Nikashin, N. S. Rybko, V. G. Ivanov, L. M. Kuvshinov, A. G.
Kochetkov, G. T. Beregoviy, A. A. Shcherbakov, V. F. Kovalev, V. S.
Kotlov, 0. V. Gudkov, and others.

$°A. N. Zhuravchenko: Metody resheniya zadach shtopora i ustoy-
chivosti, upravlyayemosti samcleta pri potere skorosti (Methods
for Solving the Problems of Spin, Stability, and Maneuverability
of an Aircraft during Loss of Speed). Trudy Tsentral. Aero-
Dynam. Inst., No. 167, 1934.

" v, s. Vedrov, S. A. Korovitskiy, and Yu. K. Stankevich: Issledo-
vaniye shtopora samoleta R-5 v polete (Studies on the Spin of an
R-5 Aircraft in Flight). Trudy Tsentral. Aero-Dinam. Inst.,

No. 228, 1935.
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CHAPTER 1

CONDITIONS FOR THE ENTRY OF SUPERSONIC AIRCRAFT INTO
CRITICAL REGIMES

1.1. Specific Features of Stability and Maneuverability,
and the Effect of the Mach Number

(a) PRINCIPAL FEATURES OF STABILITY AND MANEUVERABILITY

The characteristics of stability and maneuverability of super- /13%
sonic aircraft differ substantially from similar characteristics
for subsonic aircraft. Even during flight at subsonic speeds in a
supersonic aircraft, a pilot who has previously flown in subsonic
aircraft at the same speeds experiences a significant difference.
In addition, the significant expansion of the range of flight speeds,
Mach numbers, flight altitudes, and angles of attack for supersonic
aircraft has led to a great change in their characteristics, de-
pending on the flight regime. Thus, for example, the characteris-
tics of stability and maneuverability for an aircraft change greatly
during transition from subsonic to supersonic flight speed, which
is related to specific features of supersonic flow.

A change in the stability and maneuversbility naturally leads
to a corresponding change in techniques for piloting the aircraft.

Let us examine the principal features of stability, maneuvera-
bility, and techniques for piloting supersonic aircraft in sub-
critical regimes, whose character is significant from the point of
view of the possibility of the aircraft entering critical regimes.
The most important of these features are:

(1) A decrease in the degree of static stability of an air-
craft in flight at high supersonic Mach numbers.

(2) A possibility of loss in stability due to the effect of
the interaction of the aircrafts longitudinal and lateral motions
during rotation.

* Numbers in margin indicate pagination in original foreign text.



(3) A decrease in the effectiveness of the control system with
an increase in supersonic Mach numbers of flight, and their very
high effectiveness at subsonic velocities, which is necessarily
connected with it

(4) A sharp change in the necessary movement of the longitu /1h
dinal control lever per unit load factor during transition through
the range of sonic Mach numbers of flight. Tnis change is connected

with an increase in the longitudinal static stability and a decrease
in the effectiveness of the longitudinal control.

(5) Speed instability within the range of sonic Mach numbers
of flight.

(6) A deterioration of the dynamic properties of the aircraft
haracteristic of damping, etc) when M>>1.

(

0

P The degree of the aircraft's

) static stability in flight, character-
ized by the derivative mB, decreases
greatly during transitiofi to high
supersonic flight speeds (Fig. 1.1.).

= This is caused mainly by a decrease

in the effectiveness (supporting

properties) of the vertical taill

which is affected by the compressi-

' bility of the air, and also by the

Fi . . elastic deformation of the aircraft

ig. 1.1. Typical Function s
mbB = F£(M): T-Maneuver with structure. T@e decrease 1n.the @e—

Y gree of the alrcraft's static flight
load factor (n%.> 1) II- stability produces the prerequisites
Rectilinear Horizontal for involuntary entry of the air-
Flight (ny =1). craft into critical regimes, for two

| reasons: first of all, because of the
possibility of the appearance of relatively large sideslip angles,
greatly decreasing the values for the coefficient of 1ift of the
aircraft corresponding to the beginning of a stall; secondly, be-
cause of the possibility of the appearance (for a low degree of
static stability in flight) of a sharp interaction between the long-
itudinal and lateral motlons of the aircraft.

Instability

Stability
[ew]

(b) INTERACTION BETWEEN THE LONGITUDINAL AND LATERAL MOTIONS
OF AN AIRCRAFT DURING ITS HOTATION.

In speaking about the interaction of longitudinal and lateral
motions of an aircraft, we usually have in mind the appearance of
those interrelationships between the longitudinal and the lateral
moments when the characteristics of lateral motion change spon-
taneously during change in some parameter of the longitudinal motion,
and vice versa. In other words, during a change (for example) in
the angle of attack together with a related change in the pitching
moment (longitudinal moment), the yawing and rolling moments (lateral



moments) also change simultaneously, and during a change in any
characteristic of the lateral motion, there is a corresponding change
(caused by this) in the parameters of the longitudinal motion.

Similar mutually related changes in the characteristics of /15
longitudinal and lateral motions of an aircraft are determined by -
the aerodynamic, inertial, and gyroscopic moments and forces acting
on it. Hence the cause for interaction of the longitudinal and
lateral motions of an aircraft is the presence of aerodynamic, in-
ertial, and gyroscopic interrelationships. In relation to this,
there are three different types of interaction: aerodynamic, in-
ertial, and gyroscopic. We will discuss briefly the physical
significance of each of them.

AERODYNAMIC INTERACTION

Aerodynamic interaction includes, on the one hand, a change
in the aerodynamic forces and moments causing the longitudinal mo-
tion of the aircraft, depending on the angle of sideslip, and (on
the other hand) a change in the lateral aerodynamic forces and mo-
ments, depending on the angle of attack., Thus, for example, we know
that the appearance of sideslip (to the right as well as to the left)
produces a certain additional aerodynamic (subscript "a") moment of
pitch AM, . In modern supersonic aircraft, for small absolute values
ef the sideslip angle, this additional moment AM;, usually causes
diving, and for very large sideslip angles, it usually causes pitching.

The aerodynamic moments of roll and yaw and their derivatives
depend to a large extent on the value of the aircraft's angle of
attack (we will speak about this in more detail later). This de-
pendence is particularly strong for aircraft with sweptback wings
at large angles of attack, when there are regions where the
flow is partially separated at the wing tips. An unbalanced dis-
tribution of the regions of flow separation on the right and left
halves of the wing (which, as a rule, occurs under real conditions
because of aerodynamic or geometric asymmetry of the aircraft) can
result in the appearance of significant additional aerodynamic mo-
ments of roll and yaw.

An important reason for the change in the aerodynamic forces
and moments of one of the aircraft's motions (longitudinal or later-
al) during a change in the parameters of its other motion is the
kinematic link between the values for the angles of attack and side-
slip with rotation of the aircraft. Thus, in particular, rotation
of an aircraft relative to its longitudinal axis ox; (lateral motion)
causes a change in the angles of attack (longitudinal motion) and
sideslip, on whose values the aerodynamic moments and forces of the
longitudinal and the lateral motions of the aircraft depend directly.
For the sake of clarity, let us examine a simplified scheme for the
change in the angles of attack and sideslip during rotation of an
aircraft relative to its longitudinal axis, without considering the
effect of the aircraft's weight and the corresponding changes in load



factor on the character of the aircraft's motion (flight trajectory).
The latter noticeably complicates the physical picture of the phe- /16
nomenon. However, it does not seem necessary to include that -
effect in order to understand the essence of the directly kinematic
relation between the parameters mentioned above.
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Fig. 1.2. Graph and Diagram Explaining the Kinematic Rela-

tion between the Angles of Attack and Sideslip, during
Rotation of an Aircraft Relative to its Longitudinal Axis.

Let us assume that a model of an aircraft is placed in a wind
tunnel and has only one degree of freedom--the possibility of ro-
tating relative to the axis which coincides with the model's longi-
tudinal axis oxj;. In this case, the angle between the velocity vec-
tor of the incident flow V and the model's longitudinal axis remains
invariable during rotation. If, for example, the original (subscript
"0") sideslip angle By is equal to zero (Fig. 1.2; ¢=tg). then during
such rotation a turn of the model by 90° relative to its longitudinal
axis results in a change in the angle of attack from its original
value ag(t=ty) to zero (¢t=t;). Then during a turn through 180°, the
angle of attack becomes equal to the original in absolute value, but
has the opposite sign (#=%;). For a turn through 270°, the angle of
attack again decreases to zero, then returns to its original value
with a turn of the model through 360°,.

In this case, the sideslip angle also changes in the same cyclic
manner. For a turn of the model thvecugh 90°, the sideslip angle in-
creases from its original zero value to a value equal to the original
angle of attack (#=%¥1). After a turn through 180°, the sideslip
angle again decreases to zero, and with a turn through 270°, it
becomes negative and equal to the original angle of attack in abso-
lute value (B= -0p). After a turn through 360°, the sideslip angle
again becomes equal to zero, etc. Obviously, similar cyclic changes
in the angles of attack and sideslip will occur during rotation of
the model airplane relative to its vertical axis oy; (Fig. 1.3).



A visual representation of the interaction between the longi-
tudinal and lateral motions of an aircraft in rotation can be ob-
tained by examining the specific features of the motion of two hy-
pothetical aircraft which have a certain original angular velecity
of roll. We will consider conditionally that they rotate due to
the effect of aerodynamic moments alone, and that they have no in-
ertial moments. Let the first of them have infinitely large degrees
of longitudinal and directional static stability, and let the second
be statically neutral in the longitudinal and directional relation-
ship, i1.e., let the degrees of its longitudinal and directional

~
o
~

stability be equal to zero. We will assume that these aircraft are
in rectilinear horizontal flight with a certain original angle of
attack ap without sideslip (Bg = 0).
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Fig. 1.3. Schematic Diagram Showing the Kinematic Relation-
ship Between the Angles of Attack and Sideslip, during Rota-
tion of an Aircraft Relative to its Vertical Axis.

If the moment of roll is added to the first of these two air-
craft (tilting the allerons), then the aircraft will begin to rotate
without a change in the original values for the angles of attack and
sideslip . Such behavior for the aircraft is caused by the infinit-
ely large degrees of stability. In this case, during the change in
the angles of attack and sideslip, there are reducing (stabilizing)
aerodynamic moments which are infinitely large in absolute value,
and which quickly return the aircraft to its original values for
these angles.

For the sake of clarity in the discussions, we will simply con-
sider that the center of gravity of such an aircraft will continue
to move in a rectilinear trajectory during the appearance of the
original angular velocity of roll wy,o (if, for the sake of greater
clarity, we disregard a bend in the trajectory because of the wWeight
of the aircraft and the change in load factor during its rotation),
and all the other points move in circles whose centers are located
on the flight trajectory. These circles move along the trajectory /18



with the flight speed (Fig. 1.4). In this case, the aircraft's
longitudinal axis forms a conic surface whose axis coincides with
the direction (speed vector) of the flight. The same conic surface
also moves with the flight speed.

View of rotating aircraft from

Fig. 1.4. Schematic Diagram Illustrating the Rotation of
a Hypothetical Aircraft which has Infinitely Large Degrees
of Longitudinal and Directional Static Stability.

If we add a moment of roll to the second (statically neutral)
aircraft, it will then rotate relative to its longitudinal axis,
moving in space parallel to itself (Fig. 1.5). This is explained
by the fact that, due to the zero degrees of static stability, there
will be no reducing aerodynamic moments during a change in the angles
of attack and sideslip. Thus the pivot axis (longitudinal axis) of
the alircraft will not move out of the vertical plane, and the angle
between this axis and the flight trajectory will not change.

The degrees of longitudinal and directional static stability of
a real aircraft have a definite finite value. Such an aircraft,
when affected by a roll moment, will vrotate relative to the axis
Og , which does not coincide either with the direction of the flight
trajectory (speed vector) or with the direction of its longitudinal
axis (Fig. 1.6). This occurs because changes in the angles of
attack and sideslip caused by rotation will be accompanied by the
appearance of reducing aerodynamic moments which shift the aircraft's
longitudinal axis from its original position. In this case, the
angles of attack and sideslip will come closer to their original
values as the degree of the alircraft's stability increases, and as
the angular roll velocity decreases. If the latter has a small
value, the aircraft will rotate relative to an axis which nearly
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View of rotating aircraft from
direction of flow
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Fig. 1.5. Schematic Diagram Illustrating a Hypothetical,
Statically Neutral Aircraft.

Ik
“ 7 Fig. 1.6. Distribution of the
) Pivot Axis for a Real Aircraft
T M . . >
fT::*—“ijt:::::;:bt?_—“ Xa . to which is added the Aerodynamic
r\\<<‘j:—4:::6ﬁ~é Roll Moment M, 5, Produced by
c.g. T Tilting of the Ailerons.

coincides with the direction of the flight trajectory. TFor a high
angular velocity of the roll, the picture changes. The reducing /20
aerodynamic moments, in actual practice, will not succeed in elimi- ~—
nating the cyclic changes of the angles of attack and sideslip
occurring during rotation, and the aircraft will rotate relative to

an axis which nearly coincides with its longitudinal axis.
INERTIAL INTERACTION

If the inertial moments during rotation are negligibly small,
then the aircraft will be stable in both of the cases examined
above. However, veal aircraft also have finite (very great for
supersonic aircraft) inertial moments during rotation. The pres-
ence of inertial moments of pitch and yaw cause the appearance of
the inertial interaction of the aircraft's motion, which naturally
can occur only during rotation of the aircraft.



In the general case, an aircraft rotates about all three
of its axes (longitudinal, vertical and lateral), i.e., if the

angular velocities of roll, yaw, and pitch are non-zero. In other
the aircraft in this case rotates about an axis which

words,
does not coincide with one of its three axes, and which is not lo-
cated in the plane of the aircraft's symmetry. Such rotation in

space will take place even when the pilot moves only the ailerons,
which produce the original angular velocity of roll wgp, and holds
the other control surfaces in their original balanced positions.

In this case, by the effect of the spiral rotation and the rotation
of the aerodynamic moments because of the deviation of the ailerons
and of the gyroscopic moment produced by the rotation of the engine
rotor, an angular velocity of yaw wy also appears.

The tilting of the ailerons and the gyroscopic moment also
lead to the appearance of the angular velocity of pitch wgz. The
vector+of the resultant angular velocity for rotation of the air-
craft g is equal to the sum of these three comgonents, and can
differ greatly from the value for the vector Wyg - Ptation of the
aircraft can occur, not only because of the formation of the orig-
inal angular roll veloclty w, , but also because of the original
angular velocities of yaw w 0 and pitch w, : Dby moving the control
surfaces, raising or lowerihg the flaps, efc. In these cases, the
inertial interaction can be very strong.

The appearance of an inertial moment of pitch (longitudinal
motion) when there is angular velocity of roll (lateral motion)
causes an inertial interaction between the aircraft's longitudinal
and lateral motions, and the appearance of an inertial moment of
yaw during rolling of the aircraft produces an inertial inter
action between its directional yaw and roll motions. The inertial
interaction during rotation of an aircraft relative to its longitu-
dinal axis is a very clear example. Therefore,
interaction, it 1is usually cxamined during the presence of only
angular velocity of roll, whose maximum values, as a rule, greatly
exceed the maximum values for the angular velocities of yaw and
pitch. However, such a simplification sometines can lead to a
significant distortion of the general picture of the motion of the
aircraft. In such cases, we should examine the effect of all three
components of the resultant angular velocity for the aircraft's
rotation. In particular; the inertial interaction of the aircraft's
motions in critical regimes is characterized by the usually notice-
able effect of all three components of angular velocity.

The physical essence of the inertial interaction can be ex-
plained in the following way. Let us represent the distribution
of all the masses of an alrcraft simply, in the form of four con-
centrated masses mi(i = 1, 2, 3, 4) located in the plane xj;o02;.

Figure 1.7 1is a schematic diagram illustrating the interaction

between the inertial disturbing moment Myi and the aerodynamic re-
ducing moment Mya of yaw during rotation of the aircraft with angu-
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lar velocity relative to-an axis which coincides with the speed

vector V. In this case, the moments of inertia for the aircraft
///////’_‘ \\\\\\ Fig. 1.7. Schematic Diagram Illus-
l//////“:ﬁ‘\\\\\ trating the Interaction of Moments
@‘ 7. N of Yaw during Rotation of an Air-
e | 5;/_ L Aircraft About an Axis which
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From this, we can see in particular that for the given assump- /22
tions,

Ty = I I, (1.2)

For the sake of simplicity in the discussions, we will consider
that the aircraft rotates relative to the vector of the flight
speed ﬁ, i.e., that the directions for the vectors ? and 5 coincide.
In this case, the centrifugal force of inertia F; during an air-
craft's rotation at angular velocity @ is determined by the expres-
sion:
£

K ;;1,-1Ai:"/‘€1 Sal 3

where B is the original sideslip angle.
The inertial moment of yaw My, caused by this force is equal to
Sy SRS P LRSI B Lo Pem e AT s .
Having obtained similar expressions for the moments produced

by the remaining three masses, and using the equation in (1.1), we
can find the resultant inertial moment of yaw in the following form:



[ (1.3)

1
2ot DL - 0L I et %
252 =—08%J,—J jsinZ3.
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A schematic diagram illustrating the interaction between the
inertial disturbing moment Myz; and the aerodynamic reducing moment
Mz, of pitch during rotation oF an aircraft with angular velocity
Q relative to the axis which coincides with the speed vector V is
shown in Figure 1.8. Having examined Figure 1.8, we can easily
find the corresponding expression for the inertial moment of pitch:

in 5 7 ) (1.4)

We can see from formulas (1.3) and (1.4%) that the inertial moments
for given values of a and B increase with an increase in the angu-
lar velocity and weight distribution along the aircraft's longitudi-
nal axis.

An increase in the weight distribution along the aircraft's
lateral axis results in a decrease in the inertial moments.

o I lustrating the Interaction be-
e/ ,,M/’y@ tween the Moments of Pitch
in : . .- during Rotation of an Aircraft
////¥</iji;52553?/ﬂ Relative to the Axis which Coin-
e T e cides with the Speed Vector:
<\/-’ — iy Vs
E;//mfﬂ,#wf/’/ ’ my and mp; arve the Masses of the
P e v
Aircraft; F; and Fp are the
VA Centrifugal Forces.

Supersonic aircraft have a long fuselage and large weight dis-
tribution along the axis for a relatively small wingspan. Because
of the significant flight speeds and the relatively weak roll damp-
ing, these aircraft can have high angular velocities of roll. There-
fore, during their rotation it is possible to have great inertial
moments of yaw and pitch. These moments disturb and reduce the
stability, and in certain cases they can even lead to instability
of the aircraft.

10

Fig. 1.8. Schematic Diagram Il- /2



GYROSCOPIC INTERACTION

The gyroscopic interaction between the aircraft's motions, like
the inertial interaction, shows up only during its rotation. The
gyroscopic moment of the engine rotor appears during Peotation of the
aircraft relative to an axis which does not coincide with the axis
of rotation of the rotor. The value and direction of the vector
for the gyroscopic moment M are determined by the expression:

gyr
WioooeJ T O
HigyF=/s [0, 2], (1.5)
where
JP is the polar moment of inertia for the engine rotor;

wp is the angular velocity for the rotation of the engine rotor.

It follows from this, in particular, that if the vector W, is
directed along the longitudinal axis of the aircraft 0%;, then when
there is an angular velocity of the yaw Qy (lateral motion), for
example, there is a gyroscopic moment of pitch (longitudinal motion).
Thus there is a gyroscopic interaction between the longitudinal and
lateral motions of the aircraft. Depending on the direction of
rotation of the engine rotor, the gyroscopic moment ngr can be
stabilizing or disturbing.

~
N
=

BEHAVIOR AND SPECIFIC FEATURES OF PILOTING AN AIRCRAFT
DURING INTERACTION OF MOTIONS

If the angular velocity of the aircraft's rotation increases
to such a degree that the sum of the disturbing inertial and gyro-
scopic (for the direction corresponding to the rotation of the
engine rotor) moments during rotation becomes greater than the sum

of the aerodynamic restoring (caused by the aircraft's static sta-
bility) and damping moments, there is a loss in stability. This
results in a spontaneous increase in the absolute values for the
angles of attack and/or sideslip of the aircraft, and thus in a
spontaneous increase in the load factor.

The interaction of an aircraft’s motions during its rotation
can lead to the appearance of the so-called inertial (or, more pre-
cisely, aero-inertial) auto-rotation of the aircraft. For a pilot,
inertial autorotation of an aircraft (according to the sensations
he feels) means aerodynamic self-rotation causing the appearance of
a spin regime. However, these two types of auto-rotation are actually
very different. Aerodynamic auto-rotation occurs only at super-
critical angles of attack, as a result of a lossg in the aerodynamic
roll damping of the aircraft, while inertial auto-rotation occurs
even at subcritical angles of attack. The rolling static stability
of an aircraft has a very important role in the development of
inertial auto-rotation.

11



The effect of the moment of roll static stability on the dis-
turbed motion of an aircraft depends on the value of the original
angle of attack ap, which determines the character and degree of
sideslip development while the ailerons are tilted. For a positive
original angle of attack (see Fig. 1.2, t=tp), the aircraft's
rotation caused by tilting the ailerons results in a glide with one
wing lowered (see Fig. 1.2, #=t;). Because of the effect of the
aircraft's rolling static stability, there is an additional moment
of roll which prevents rotation. If the original angle of attack
is negative, the aircraft's rotation by tilting the ailerons results
in a sideslip on the raised wing: sideslip toward the side which
is opposite the aircraft's rotation. This causes the appearance of
a supplementary moment of vroll, which tends to increase the angular
velocity produced by tilting the ailerons.

The disturbing inertial moment of pitch occurring under the in-
fluence of rotation tends to increase the absolute value of the
negative angle of attack, which then causes an increase in the glide
angle during rotation and so further increases the additional
moment of roll produced by the rolling stability, etc. As a result,
for a certain combination of parameters for the aircraft's motion,
there is inertial auto-rotation. In this case, the resultant angular
velocity of roll can be so great that even a full tilt of the ailerons
to the side opposite to the rotation does not terminate it. 1Inertial
auto-rotation is usually accompanied by high-amplitude vibrations
due to changing load factor ("drops").

An example of spontaneous increase in the absolute load factor
value during an aircraft's rotation is given in Figure 1.9.

The graph shows records from recording instruments, obtained
during flight in a supersonic jet aircraft, which characterize the

changes with time of the vertical (ny) and lateral (ngz)} load
factors, the angular velocity of roll (wgp), and the angle of tilt

for the ailerons (85). We can see from the graph that, in the case
being examined, there is a sharp increase in the absolute values of
Ny and "z with an angular velocity of roll. In particular, the

change in the value of "y in relation to the original flight
regime was '

An. =~- 1.5 - 2 = - 3.5
Y

The greatest absolute value for the angular velocity of roll
in this regime was ]wxl = 5 rad/sec. An example of inertial auto-
rotation in an aircraft is shown in Figure 1.10 (records made by
recording instruments in flight). As we see from the records, after
tilting the ailerons there was a great angular velocity of roll
whose absolute value gradually exceeded 5 rad/sec. The records

show that this angular velocity of roll changed little even after
almost complete deviation of the ailerons (at the 18th second)
toward the side which was opposite to the rotation of the aircraft.

12



In the regime shown in Figure 1.10, the vibrational amplitudes for
vertical (n,) and lateral (ny) load factors reach values of ®2.5 and
~ 2.0, respectively.

In practice, the most probable entry of an aircraft into regimes
with a sharply-expressed interaction of motions during formation of
a great angular velocity of roll (on the order of |wg |= 1.5-2.0
rad/sec and more) is found in the process of the alrcraft's carrying
out maneuvers with an intensive change in the vertical load factor
particularly when there is initial sideslip. In particular, as
reported in the foreign press, such flight regimes occurred in
supersonic American aircraft, the North American F-100 "Super Sabre",
when its pilot made an energetic pull-out and simultaneously tilted
the ailerons for a turn, particularly if the pilot in thes case did
not keep the pedals in a neutral position. In some cases, the entry
of F-100 aircraft into these regimes ended in an accident.

Piloting the aircraft during the appearance of interaction be-
tween the longitudinal and lateral motions, caused by its rotation,
greatly complicates the situation, since the actions of the control
surfaces to which a pilot is accustomed do not usually lead to the
results he desires. Moreover, in some cases the aircraft's reaction
in these regimes to deviation of the control surfaces can even prove
to be the reverse, with an opposite reaction in all flight regimes. /26
Thus, for example, in these regimes a pilot's attempt to counter the
increase in the absolute value of the negative vertical load factor
by pulling the control stick back, as a rule, only intensifies the
aircraft's rotation and causes even more intense increases in the
load factor.

As pilots' experience has shown, in order to pull an aircraft
out of a regime in which there is inertial intevaction, the
stabilizers are usually set in a neutral position. However, the

forces acting on the pilot can prevent this *to a great degree, as
can great forces on the pedals in g guidance system withoul boosters
(particularly at high supersonic Mach numbers or low altitudes
during high instrument flight speeds).

For each aircraft in which it is possible to go into flight
regimes with sharp interaction between the longitudinal and lateral /27
motions, a corresponding piloting method has been develcped. A
piloting method for pulling an aircraft out of regimes with such
motion interaction is first developed in models, and then the method
selected is checked in flight tests.

For a pilot, the principal signs of the approach of a regime
with the appearance of inertial interaction of motions are the fol-
lowing: intense increase in load factor, which does not correspond
to the pilot's sensations for the given position of the aircraft,
the flight regime, and the position of the control surfaces; a
sharp increase in the angular velocity of the roll, which does not
correspond to the tilt of the ailerons in a given original flight

13
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Fig. 1.9. Spontaneous Increase in Load Factor as a Result of the
Interaction Between an Aircraft's Longitudinal and Lateral Motions

(Records Made by Recording Instruments in Flight).

Fig. 1.10. Change in Load Factors #n, and ng with Time During Inertial
Autorotation of an Aircraft (Records Made by Recording Instruments

in Flight).

regime; for aircraft with boosterless guidance systems, a spontan-
eous movement of the pedals and a sudden unusual increase in the
forces on them, etc. If the pilot detects these signs in good

time and turns the control surfaces and ailerons into a neutral posi-
then the aircraft will not go into

tion by an energetic action,
when the pilot moves

such a regime. In the opposite case, i.e.,
the rudders incorrectly, imprecisely, or not in time, a similar
regime may occur. As a result, the aircraft can go into critical

regimes (enter a stall), or n max will be exceeded (the greatest

permissible value, for structural strength, for load factors under
the conditions of a normal test flight in an aircraft.

A theoretical analysis shows that, in a given aircraft, when
the wing loading of a wing (G/S= const), the altitude (# = const).
and the Mach number (¥ = const) for the flight are given, the
danger of the undesirable appearance of an interaction between the
longitudinal and lateral motions (the danger of losing stability)
basically depends on a combination of three factors: +the degree of
longitudinal (mgy) and directional (mB) static stability for an air-
craft and the value for the angular vglocity of its rotation. A
visual representation of the critical (from this point of view) flight
conditions gives tne graph for the boundaries of stapility shown in

Figure 1.11.
1y



We can see from the graph that the "corridor" formed by the en-
velope factors (I) of the sets of hyperbolas showing the boundaries
for the stability ranges, obtained for various values of the angu-
lar velocities for the aircraft's rotation, expands with an increase
in the angular velocity of the roll. This expansion of the corridor
is caused by the presence of damping of yaw and pitch.

If an imaginary point (Imcyl

|m |) is located within this cor-'

ridor, then with these condltlons fo% the flight regime, the air-
craft will be stabilized in the rolling motion (when the aivcraft
rolls) for any value of the angular velocity. If the imaginary

point is located outside this corridor, the aircraft will lose /
stability for a certain value of the angular velocity of the roll.
Thus, for example, let the flight conditions being examined corres-
pond to an imaginary point 4 (See Fig. 1.11). This point is located
within the range (close to its boundary) marked out by the stabil-
ity boundary which corresponds to an angular velocity for an air-

craft's rotation of 2 rad/sec.

Subsequently, the aircraft loses

stability in a given regime because of the motion of the roll when
it reaches an angular veloclity somewhat less than 2 rad/sec.

Range of stablhty

Boundary
. Range of 1nstab1hty for stability

8 _ronst 3rad/sec qﬁ'range
S

o XN "Rgr gz 43 -my

Fig. 1.11. Boundaries for
Stability in the Motion of
a Rotating Aircraft:

I-the Envelope Factor for
the Boundaries of the
Stability Ranges

The aircraft whose imaginary
point is Point B will maintain
stability for angular velocities
of roll less than 3 rad/sec. With
the appearance of an angular veloc-
ity of roll equal to 3 rad/sec in
absolute value, the aircraft in
the given flight regime loses
stability. With the appearance
of angular velocities exceeding
3 rad/sec, the aircraft becomes
unstable.

(¢) DECREASE IN THE EFFECTIVENESS
OF THE CONTROL SYSTEM.

A decrease in the effectiveness
of an aircraft's control system
during transition to supersonic
Mach numbers of flight results in
greater effectiveness at subsonic
velocities. From the example
given in Figure 1.12, we can see
that the absolute value for the
coefficient of the stabilizer's
effectiveness m§ (longitudinal

control of the aircraft) during transition from subsonic to high
supersonic Mach numbers decreases by a large factor. The de-

crease in ]m l can also be caused by the appearance of aeroelasticity
(in particulBr, elastic deformations of the fuselage) and by a
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number of other effects. The effectiveness of the elevator, during
transition to supersonic flight speeds, decreases much more sharply
than the effectiveness of the stabilizer, which is explained by

the impossibility of propagating disturbances upstream in supersonic 29
flow.

In a supersonic flow, movement of the elevator causes a change
in pressure (an increase in the 1lift of the horizontal empennage)
almost on itself alone, and this does not affect the pressure dis-
tribution of the fixed stabilizer located ahead of it. Therefore,

a movable stabilizer is used instead of an elevator in modern super-
sonic aircraft. The movable stabilizer's effectiveness at subsonic
velocities is very great (because of the necessity of preserving
enough of its effectiveness at high supersonic velocities). For
these aircraft, in flight at low altitudes with high subsonic in-
strumental velocities (high-speed thrusts), 1t would seem disadvanta-
geous (with such a high effectiveness of the movable stabilizer) to
have a combination of frequency characteristics for the aircraft

and for the pilot. As a result of this, the "aircraft-pilot" system
in some cases would even lose stability, and there would be an in-
voluntary (for the pilot) longitudinal buildup of oscillations for
the aircraft, accompanied by considerable oscillation of the verti-
cal load factor #,. Such motions of the aircraft can occur in the
process of carryiug out maneuvers which require precise piloting,

if in this case the period of natural longitudinal oscillations of
the aircraft is short (on the order of 1 sec; but this, as a rule,
takes place in modern light aircraft in flight regimes with high-
speed thrusts), and we can see a retardation of the pilot's move-
ments and.a slack in the control line (which acts quicker now in
modern aircraft, because of boosters). The latter can cause in-
creased sensitivity of the aircraft to considerable deviations of
the longitudinal-control lever (system).

Thus, the principal causes

ﬂ’/c’ . .
Y N PR forthe "oscillation" are: the
& LI A 2,9 o 5.0 & . . e s
!___is\‘ ; Y aircraft's increased sensitivity
—r: : \ " . ' to small movements of the control

lever (almost uncontrollable by
the pilot), and short periods of

EF__?E” s re 20 7 Tgx_ hatural.oscillations of Fhe alp-
! e " i ;’,;__:{'“ craft, i.e., extre@e%y light and
Y ;//,///2_‘: i superfluously sensitive control for
e T T ' i ' iy small forces (necessary for piloting)
T jf—fyxh on the level and small deviations /30
—1h " " ’ S of it, as combined in a noticeable
] S i;,fif/’ S lag in the pilot's actions and a

Lt ! - : : - lag in the control system. An
increase of friction and slack in
the control system aggravates

this situation and complicates
"damping" with the necessary devia-

Fig. 1.12. Change in the
Aerodynamic Derivations mgy,

mga and mg3 for the Mach tions of the rudder, because of
numbers of F%lghF in a Mod- a deterioration in control over
ern Supersonic Aircraft. the control stick and the appear-
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ance of "instability zones" in the longitudinal control system.

In modern supersonic aircraft, in order to overcome the buildup
of oscillations, the characteristics for maneuverability are selec-
ted so that there is no allowance for this occurrence in any of
the test-flight regimes. With this goal in particular, special
automatic devices are installed in the longitudinal control
system: for example, devices for regulating the forces on the con-
trol sticks (ARS), devices for regulating the gear ratios for the
control system and the force (ARC--the so-called control devices),
dampers of the longitudinal vibrations of the aircraft, etc. How-
ever, in the case of breakdown or incorrect operation of such a
control system, the aircraft can go into this disadvantageous, and
sometimes even dangerous, regime. If for any reason the aircraft
did go into a regime of vibration buildup, then it is not possible
to counter each individual vibration by deviations of the control
lever, since this only complicates piloting and can result in the
appearance of even greater vibrations of the aircraft (it 1s diffi-
cult for the pilot to "deteriorate'" all the vibrations of the air-
craft). In such a case, it is necessary to reduce speed, holding
the control lever in a certain middle position (it would be best
to have it in a neutral, or close to neutral, position, moving it
slightly in order to decrease the flight speed).

The effectiveness of the directional and roll control systems
also decreases greatly during transition to high supersonic flight
speeds. During flight at low altitudés, at high subsonic speeds,
there can sometimes be lateral vibrations of the aircraft, accom-
panied, in particular, by considerable vibrations of the lateral
load factor n, (under conditions similar to those for longitudinal
vibrations). In order to counter the lateral vibrations, the pi-
lot must decrease the flight speed, keeping the pedals in a neutral
position in this case.

(d)CHANGE IN THE MOTION OF THE CONTROL STICK PER UNIT LOAD FACTOR

" The motion of the longitudinal control stick per unit load factor
xp can change greatly while passing through ranges of sonic flight
speeds (Fig. 1.18). The change in the value for % is explained
mainly by the decrease in the control system's effectiveness and
by the increase in the degree of longitudinal static stability of
the aircraft during transition to supersonic speeds, and in some
cases by a number of other causes also (in particular, by elastic
deformations of the fuselage). When carrying out maneuvers while
decelerating the arcraft to sonic speeds, this can lead to the
aircraft's "pitching up"if the pilot does not succeed in moving
the control stick in time from the position corresponding to the
conditions for supersonic flight speeds.

The pitchup process usually occurs rather slowly, and the pilot
can succeed in countering it by a smooth motion of the control

stick away from himself. However, in a most disadvantageous coin-
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cidence of circumstances (for example, in the case of intense de-
celeration with a non-operational engine and disabled flaps, for a
climb with minimum rear centering), the pitchup can be very intense
and may be accompanied by a sharp refection of the force. If the
flight occurs at high altitudes (large angles of attack for recti-
linear horizontal flight), then this also causes an aircraft to
enter critical regimes when the pilot's actions are not sufficlently
precise.

(e) INSTABILITY WITH SPEED AND OTHER FEATURES

Speed instability in the range of sonic Mach numbers of
flight (so-called "dip in speed" in the type of balancing curve
shown in Fig. 1.14) is caused by the appearance of diving aerody-
namic moments as a result of shifting the aircraft's aerodynamic
center rearward, a decrease in the downwash in the region where
the horizontal section of the empennage is located during an in-
crease in ¢, (with an increase in the rate of thrust), by the
appearance of supersonic flow ranges, and also by a number of other
effects. For an example, Figure 1.14 shows balancing curves for
moving the aircraft's control stick £B = f (M) in a rectilinear
horizontal flight without glide, for two altitudes. The speed in-
stability range is characterized by the negative slope of the balan-
cing curves (segment a-a, for which the curve slopes down).

Speed instability somewhat complicates piloting the aircraft,
although this in itself, for normal operational conditions, doces /32
not present any great difficulties to the pilot since it occurs, T
for example, in the case of instability in

Ky el
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In addition to those we have mentioned, there are many other
features of stability and maneuverability in supersonic aircraft
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which cause them to enter critical regimes under certain conditions.
We will mention some of these features which exist to a greater or
lesser degree in all supersonic aircraft. Thus, for example, a
decrease in the degree of an aircraft's directional static stability,
a weakening of the damping properties for the tail empennage and the
wing because of a decrease in the growth of the coefficients for
lift and lateral aerodynamic forces on the degrees of change in

the angles of attack and glide (a decrease in ¢ and c ) for high
supersonic M numbers, leads to deterioration of the dampJng of the
aircraft's disturbed motion, an increase in the oscillations of the
force - an important characteristic for the transitional processes
(transient flight regimes), i.e., the aircraft's dynamic maneuvera-
bility.

Fig. 1.15 shows an example of the change of a normal load factor
with time during an aircraft's disturbed motion after a sharp move-
ment of the elevator. We can see from the graph that oscillation
of the load factor Afgtress= Mstress — Mest €an reach substantial
values. This is very clearly indicated in the characteristics of
the aircraft's maneuverability and the pilot's sensations in carry-
ing out the maneuvers!., In some cases, oscillation of the load fac-
tor can be the cause of the aircraft entering critical regimes. The
established value for a normal load factor ngg¢ shown in the graph
differs from the original value Norig by the wvalue A”estznest‘norig'

The decrease in the aerodynamic derivatives ¢X and 02, the in-
crease in the wing loading (ration between the aircraft weight and
the area of the wing), and the flight speeds lead to the circumstandce
that, for supersonic aircraft at high Mach numbers, it is necessary
to increase the angles of attack and 81desllp by a larger factor in /33
order to obtain the same speed for a change in the angles of the T
slope for the trajectory (the direction of the flight), than for
subsonic aircraft. This also causes entry into regimes with cri-
tical angles of attack (particularly at average and relatively low
instnument flight speeds, i.e., at high altitudes).

The presence of external structures under a wing or on the
fuselage of an aircraft (for example, suspended fuel tanks)
usually results in a foreward displacement of the location of the
resultant lateral aerodynamic force, which decreases the degree of
directional static stability somewhat. The transfer of the aircraft's
center of gravity toward the fromt and the increase in the thrust
of the turbojet engine (P) also causes a decrease in the directional
stability. The latter can be explained in the following way.

For more detail on this, see for example M.G. Kotik, A.P., Pavlov,
et al.: Letnyye ispytaniya samoletov (Flight Testing of Aircraft).
Mashinostroyeniye, 1965.
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Fig. 1.15. Fig. 1.16.

Fig. 1.15. Change of the Normal Load Factor with Time during
Disturbed Motion of an Aircraft After a Sharp Turn of the
Elevator: 1. Beginning (Original) Value for a Normal Load Factor
2. Terminal (Established) Value for a Normal Load Factor

Morigs r
Maximum Value for a Normal Load Factor with Overshoot

Negt s 3.
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Fig. 1.16. Effect of the Operation of a Turbojet Engine on

the Aircraft's Directional Stability: P - Thrust of the Engine;
M - Disturbing Moment of Yaw; Zp - Lateral Force Acting on the
Alr Intake,

During sideslip in an aircraft with a turbojet engine, there is
a lateral force Zp acting on the inlet into the air intake (as 1is
shown in Figure 1.16), because of a turn of the air inflow into
the interior air-intake channel. In the case of air intake into
the nose, this force is seen as a forward motion of the aircraft's
center of gravity, which leads to the appearance of a disturbing
moment of yaw My_, increasing with an increase in the engine's thrust
(or, more precisely, the volume of air sucked through the engine)
and the angle of sideslip.

Elastic deformations of the fuselage structure also cause &
decrease in the aircraft's directional stability, which decreases the
angle of attack for the vertical empennage. This aerocelastic
effect increases at a constant Mach number with a decrease in
flight altitude. The decrease in the degree of the aircraft's
static stability causes large gideslip angles, particularly during
unilateral breakdown of engines in a multi-engine aircraft, which L
in some cases can even lead to the alrcraft's stalling. T

1.2. The Effect of the Angle of Attack and Altitude on
the Characteristics of Stability and Maneuverability

One of the characteristic features of a modern supersonic
aircraft is the possibility for piloting it during take-off, land-
ing, and maneuvering, particularly at subsonic speeds and high
flight altitudes, at much greater angles of attack than is allowable
in subsonic aircraft (Fig. 1.17). The latter is due mainly to an
increase in the critical angles of attack, which permit expanding
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the range of operational angles of attack in supersonic aircraft,
in comparison with subsonic aircraft. At the same time, the de-

Boundary of operational angles
of attack. Fig. 1.17. Limits of the Ranges of

Range of 2 Range of high Operational Angles of Attack in
operational 7 (non-operational) Subsonic and Supersonic Aircraft:

angles : angles of attack.l+ Limit of the Range of Operation-
of attack. al Angles of Attack (Maximum

7 Allowable Value in a Normal Flight
Operation for an Aircraft) in a
Subsonic Aircrafty 2. Function

¢, = f(o) in a Subsonic Aircraft;

3. Limit of the Range of Opera-
tional Angles of Attack in a Super-
sonic Aircraft; 4. Function Zy=f(a)
—_ o in a Supersonic Aircraft.

(3]
NN S VPR
( ) )

pendence of the characteristics for static stablility and maneuver-
ability on the angle of attack seems much more significant in
supersonic aircraft than in subsonic ones. In this case, in the
range of relatively small angles of attack, this dependence 1is
usually much weaker than at average angles of attack, and even more
so at large angles of attack. In the range of large subcritical
angles of attack, there can be a highly non-linear dependence be-
tween these characteristics and the angle of attack. Such non-

linearity is seen most clearly in the longitudinal and directional
(mainly lateral) stability of the aircraft.

(a) STABILITY WITH LOAD FACTOR

At subsonic and sonic flight speeds in some aircraft with swept-
back wings, in the case of large angles of attack, there is an
instability (so-called "dip") in the load factor accompanied by a
tendency of the aircraft to dive spontaneously. This disadvantage
acquires particularly important significance from the point of
view of safety in piloting within the range of high subsonic (close

to M = 1) flight speeds, at which there is usually the most marked /35

appearance of instability in load factor (if this generally occurs in
the given aircraft). At supersonic Mach numbers of flight, there

is usually no instability in the load factor because the position for
neutral centering is much closer to the rear.

N Fig. 1.18. Function My = f(c )
for an Aircraft with Sweptbac%
Wings.

[ — —
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Typical relationships between the coefficient for the pitch
moment m, and the coefficient of 1lift for an aircraft with swept-
back wings, for which there is stability with load factor in a cer-
tain range of angles of attack, are shown in Figure 1.18. The range
of instability with load factor is characterized by the positive
slope of the curve for my = f(cy): for example, in the curve segment

aa which corresponds to M = 0.5.

The accurrence of instability with load factor in aircraft with
straight sweptback wings is caused by the following factors:

(a) Shift forward of the aircraft's aerodynamic center as a
result of a change in the circulation distribution (aerocdynamic
stress) for the wingspan, with an increase in the angle of attack;

(b) Change in the downwash field produced by the wing and the
tuselage in the region of the horizontal empennage, with an increase
in the angle of attack and a decrease in the reducing aerodynamic
moment of pitch caused by the tail empennage;

(¢) Increase in the disturbing component of the aerodynamic
pitch moment, caused by the 1lift of the fuselage with an increase
in the aircraft's angle of attack;

(d) Formation of a disturbing pitch moment by the turbojet
engine, operating in an alircraft with air intakes in the nose.

For steady flow, the position of the aircraft's aerodynamic
center does not depend on the value of the angle of attack. With
the appearance of flow separation, the position of the center be-
gins to achange. A straight sweptback wing usually has distribution
of aerodynamic load over the wingspan such that its tips usually
sustain more load than iIn a wing at right angles to the fuselage.
Such a particular feature of the operation of a straight sweptback
wing is due to the greater effective angles of attack in its
wingtip sections, in comparison with the base of the wing. But
this leads to the appearance of considerable pressure differentials
along the wingspan, causing thickening (overflow) of the boundary
layer in the direction of the wingtips.

The presence of larger angles of attack and a thickened boun- /36
dary layer leads to the appearance of flow separation on the upper
surface of the wing in these sections much earlier than in the
middle sections. Therefore, with an iIncrease in the angles of
attack for the wing to those values at which there is flow separa-
tions at the wingtip sections (Fig. 1.19), there is a loss in 1lift
at the wingtips (-AY), while the 1ift continues to increase in the
middle with a further increase in the angle of attack. In this
case, the aerodynamic center of the wing, and thus of the entire
aircraft, moves forward.
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Fig, 1.19. Causes of

7/ the Occurrence of In-
c ng #_\h4£i7 stability in Load Fac-
—I L E R tor Because of Wingtilp

1“;::l_j:::;_;:::7’— _\‘g ~—~—j\ Flow Separation on the
t;/V’ -g:\\\\\;; Outer Surface of a Wing
a b — (the Areas of Flow Sep-

aration are Shaded).

Thus, when an aircraft with sweptback wings has no special
means of countering the occurrence of terminal separation, the in-
crease in the angle of attack leads to the appearance, and then to
an intensive increase, of the regions for flow separation at the
wingtips. When the angle of attack reaches values indicating the
beginning of terminal flow separation from the wing, the degree of
static stability in load factor for the aircraft begins to decrease,
and then continues to fall with a further increase in the angle of
attack. In this case, the more the pilot increases the aircraft's
angle of attack, the larger the region for wingtip flow separation
becomes, and the more the reducing aerodynamic moment of pitch de-
creases. In shifting t%he aerodynamic center so far forward that it
is in front of the center of gravity, there arises a disturbing
aerodynamic moment of pitch AMz which itself causes a further spon-
taneous increase in the angle of attack. The increase in the angle
of attack then involves expansion of the wingtip flow separation
region over the wingspan and a further increase in the moment AMg,
etc. Longitudinal static instability with load factor then occurs.
Instability with load factor can increase additionally by virtue of
the aircraft's elastic structural deformations, and particularly be-
cause of the effect of the system for controlling the ailerouns.

The latter circumstance, in certain cases, can cause simultaneous
upward movement ("floating up") of both ailerons, for which the
non-uniform distribution of aerodynamic load over the wingspan
increases at large angles of attack. Another factor which intensi- /37
fies 1load factor instability is the air intake into the nose. Such am
air intake, when the angbe of attack increases, increases the dis-
turbing moment of pitch “28p (the subscript "P" means that this
moment depends on the thrust of the turbojet engine, which has the
symbol P) produced by a normal force Yp during operation of the
turbojet engine (Fig. 1.20). With an increase in the engines thrust,
this disturbing moment increases.

T Fig. 1.20. Causes for Air Intake
re at Large Angles of Attack, for the
Sinzs e Disturbing Moment MZP during Op-
L AT e - 3 s 3
- - il eration of a Turbojet Engine.
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Emergence at large angles of attack, for which there is insta-
bility with load factor, is not without danger, since the pilot cannot
always succeed in countering further unintentional pitching of the
aircraft.

(b) LATERAL STABILITY OF AN AIRCRAFT

The degrees of an aircraft's directional (ms) and longitudinal

(mg) static stability change very greatly with the angle of attack.
The directional static stability
of a supersonic aircraft decreases

;] significantly with an. increase in
the angle of attack (see Figures

Vs 1.1 and 1.21). This decrease
— - is particularly strong at super-
sonic flight speeds. At high

(often much less than critical)

angles of attack, there can pos-

5 sibly even be directional insta-

- bility for the aircraft. Longi-
tudinal stability increases no-
ticeably during an increase in

- the angle of attack (see Fig. 1.21).

ty

Instability
i

tabil

Stability InstabilityS

&
The decrease in the directional
stability, and the increase in
the longitudinal static stability
are the cause of an increase in
. . he 1 ral oscillati f th
Fig. 1.21. Typical Change t.e atera scil atlo?s © "t.e
. . aircraft, of a sudden "drop" in
in the Degree of an Aircraft's ? . .
. . g roll during sideslip, and of an
Path m; and Longitudinal m . . . .
. . <z increase in the ratio of maximum
Static Stability as a Func- . s
£ f the Angl F Attack angular velocities for roll and
ton © ngte o ack. yaw, which 1s characterized by the
. Tmax .
index k = g——— . An 1increase
3 3 ymax .
in the value for k leads to the circumstance that even fairly low
angular velocities of yaw cause high angular velocities (and thus /38
large angles, also) of roll. This complicates the piloting of an

aircraft with sweptback wings at large angles of attack.

(¢) EFFECT OF THE FLIGHT ALTITUDE ON THE DYNAMIC
CHARACTERISTICS OF AN AIRCRAFT

The effect of the flight altitude on the dynamic characteris-
tics of an aircraft is very substantial. It is determined by three
main factors: iIncrease in the Mach number (during flight at a
steady instrument speed with an increase in altitude, the Mach
number increases), increase in the angle of attack (because of the
decrease in the density of the air, the angle of attack necessary
for rectilinear horizontal flight increases), and a decrease
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in the density of the air. Aerodynamic damping of the aircraft's
vibrations (longitudinal and lateral) is greatly weakened when the
Mach numbers increase and the density of the air decreases. (This,
in particular, is substantiated by the example for the change in
the degree of pitch damping m%2 with Mach number, which is shown

on the graph in Figure 1.12). As a result of the decrease in the
aerodynamic damping moments, the attenuation of the aircraft's dis-
turbed motion at high altitudes deteriorates (Fig. 1.22). During

climb at a constant Mach number, as a result of a decrease in the
rate of thrust, the aerodynamic reducing moments of yaw and pitch
also decrease; this can also be caused by a decrease in static
stability with an increase in the angle of attack. Therefore, the
effect of inertial moments on an aircraft's dynamic characteristics
increases at high altitudes.

s Because of the decrease in
f =Sk the damping of an aircraft's

O natural vibrations and the signifi-
YT - cant increase in the value of « ,

the aircraft's '"travel density"
(as the pilots say) is worse at

< I high altitudes. With an increase

R i in altitude with a fixed instru-
P Y o ment flight speed, maneuverability
o VAR of the aircraft is also much worse,

! i.e., the aircraft's ability to

Ce "respond to the stick". The air-
craft becomes sluggish to control,
and the lag in its response to a
pilot's action increases greatly.
This lowers accuracy in piloting
and complicates the pilot's work

in the absence of a system for
automatic damping and stabilization.

Fig. 1.22. Damping char-
acteristics of Longitudinal
Oscillations of an Aircraft,
Consisting of Short-term
Variations of the Rudder
Position at High and Low

Altitudes. With an increase in Mach num- /39

bers and angle of attack at high altitudes, the significance of
the features described earlier for a supersonic aircraft's stability
and maneuverability, coupled with the effect of these parameters,

is increased as well. The non-linearity of the dependence between
the aerodynamic forces and moments and the angles of attack and
sideslip is worse. At high altitudes in particular, the overshoot of

load Ffactor and the intensity of the occurrence of an interaction be-
tween the longitudinal and lateral motions of an aircraft during
rotation increase significantly.

The features described in this chapter for the stability,
maneuverability, and piloting characteristics complicate piloting

in one way or another. Under certain conditions, they can cause
dangerous situations in flight. However, they cannot in themselves
be attributed to the factors which decrease supersonic asircraft
flight safety during correct operation in flight. Dangerous situ-
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ations in flight, especially the aircraft's entry into critical
regimes, can occur because of these specific features only in ex-
treme cases: when the rules for an alrcraft's operation in flight
are broken (a need for instruction in piloting), when there are
defects in physical parts (especially in the control system and the
engine), or when a pilot makes gross errors. During normal flight,
the flight safety of modern supersonic aircraft is guaranteed in
all operational flight vregimes.
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CHAPTER 2
EFFECT OF ROTATION OF AN AIRCRAFT ON THE ESSENTIAL 4o
CHARACTERISTICS OF ITS MANEUVERABILITY., CRITICAL ANGULAR
VELOCITIES OF ROLL
2.1. Motion Equation of an Aircraft
(a) COMPLETE AND SIMPLIFIED EQUATIONS.

The motion equations of an aircraft viewed as a solid can be
Written (in the general case) in vectorial form as follows:

L A A (2.1)

Ao g (2.2)

where
- is the principal vector of all external forces acting on
the aircraft (except the force of gravity).
% .
¢ 1is the (weight) vector.
->
M is the principal vector of all external moments acting on

the aircraft.

w

is the vector of the resultant moment of the inertia of
the aircraft.

is the vector of the flight speed of the aircraft.

ol

is the vector of the angular velocity of the aircraft's
rotation.

m is the mass of the aircraft.
The system of vector equations (2.1) and (2.2) is a system of
nonlinear differential equations with variable coefficients and

are, as we know, not of interest in the general form. To obtain
the partial solutions which are of interest to us, we must simplify
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the above system of equations. To do this, we must first employ

a method of linearizing them and then write the linearized motion /4l
equations (2.1) and (2.2) in projections of the forces along the -
axes of the system of coordinates associated with the aircraft.
Furthermore, in order to simplify further the linearized motion
equations of the aircraft obtained in this manner, in various cases

we will disregard as much as possible the individual interactions

of the parameters characterizing the motion of the aircraft.

Solutions of the linearized equations of the disturbed motion
of an aircraft do not permit us to obtain precise gquantitative
data, since this necessarily involves a disregard of nonlinear
interactions of various parameters of the aircraft's motion, which
often play an important role (especially In critical flight re-
gimes). However, the linearization method does permit us to ob-
tain sufficiently clear solutions, which provide some idea of the
gqualitative aspect of the observed phenomena and a deeper under-
standing of their physical significance. They also make it possible
to analyze the effect of various factors on the maneuverability and
stability of the aircraft.

To form a system of linearized scalar equations for the motion
of an aircraft, let us express the vectors of anfular velocity of
rotation of the aircraft @ and the flight speed V as the sums of
two components: the constant value of the corresponding parameter
in the original stable curvilinear motion of the aircraft and the
additional increase (change) in this parameter in the course of the
subsequent disturbed motion of the aircraft:

Sy, (2.3)
VeV o A/ (2.4)

where
> .
wg is the vector of the stable angular velocity of the rota-

tion of the aircraft in the initial flight regime;
>
w is the change in the vector of angular velocity of rotation
of the aircraft in disturbed motion, with respect to its
value in the initial flight regime.

ﬁo;Nﬁ.are the speed vector of the initial stable flight regime
and the change of the flight speed vector in disturbed mo-
tion with respect to 1ts value in the original flight re-
gime, respectively.

Similarly, let us represent the angles of attack and sideslip

(¢ and B, respectively), as well as the coefficients of the lifting
and side force aerodynamic forces of the aircraft (cy and ¢, respec-

tively) in the form of the following sums:
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For an approximate determination of the criteria of maneuvera-
bility and stability, we will consider the motion equations of the
aircraft with the following assumptions:

(a) The effect of the aircraft's weight on the nature of its
disturbed motion is negligibly small.

(b) The change in altitude during the time that the motion
in question is going on is negligibly small, so that py = const.

(c) Instability of flow over the aircraft during the disturbed
motion in question will be disregarded.

(d) The sideslip angle By = 0, so that B = AB.

(e) The angles o and B are sufficiently small so that:

(f) The angle between the principal axes of inertia of the
aircraft and its related axes are sufficilently small so that the
related system of coordinates can be assumed to coincide with its
principal axes of inertia.

(g) The degree of change in all parameters of the disturbed
motion of the aircraft is sufficiently small so that their squares
and derivatives can be disregarded as being values which are of
much smaller size, i.e., we will use the method of small
perturbations.

In view of the above assumptions, the projections of the
flight speed vector and its derivatives, as well as the projections
of the vector of angular velocity of rotation of the aircraft on
the axes of the system of coordinates related to it can be repre-
sented in the following form (here and in the following, the time
derivatives will be marked with a dot above the differential vari-
able):
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By projecting the vectors which enter into (2.1) and (2.2)
along the axes of the system of coordinates which we are using,
and keeping in mind the assumptions made above, we obtain the fol-
lowing system of six scalar equations of motion for the aircraft:

L o N S, .o
AN, T \VC;V'&—._ l/o:'_u.-—‘—

-~ (2.5)
Tl /, (\ R areal P )‘:;
/{_"_<‘___» Ty [ ;
21 H /U““’ \"u“/ - -\K/G - _'./ — Vb\:;”;(;\, (U)Ju —:— “’z) —
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o - (2.8)
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o= (=) Oy Ty, Wz im0y = M
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The projections of all external forces and moments acting on
the aircraft along the axes of the system of coordinates, which
enter into the system of equations (2.5) to (2.10), can be repre-
sented as follows:

Y c, :
X=X XY ar, L XV Y (2.11)
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Here A is a symbol representing the increase of a parameter.
The subscripts represent the derivatives of the aerodynamic forces
dnd moments for the corresponding variable. Within the range of
variations in the motion parameters of the aircraft o, V, and B8 in
the course of its disturbed motion with which we are concerned, the
engine thrust will be assumed constant. Therefore, the engine
thrust is not mentioned as such in (2.11) to (2.16), but its compo-
nents are included in the values Xy, Yo, and Mgz,.

The equations for the initial stable flinht regime are
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If we take into account the motion equations as written here
for the initial flight regime, (2.5) to (2.10) can be rewritten
as follows:
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In addition, the derivatives of the aerodynamic forces
moments can be replaced by the corresponding derivatives of

(2.17)

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)

and
their

coefficients, using the following equations for this purpose:
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(b) CHANGES IN THE COEFFICIENTS OF THE AERODYNAMIC FORCES /46
AND THE ANGLES OF ATTACK AND SIDESLIP

In determining the criteria for maneuverability of an air-
craft, it will be necessary to replace the changes Aecy, bc,, Aa
and B8 (changes in these parameters relative to their iInitial values)
in the motion equations, by the changes 4n,, AV, and Ang. Let us
begin by finding the relationship between %he change in the coef-
ficient of 1ift Acy and the changes in the flight speed AV and the
vertical load factor Anm, . To do this, let us represent the vertical

load factor as follows:

i . S “‘Q)‘\JH\’H 2V
Ay— » L, == o R
o (2.24)
7 N :
O A PRI 74
Yo v

From this we obtain the expression for the change in the co-
efficient of 1ift with a change in the flight regime:
u !l o _2‘2;/.._ \x/\.

—\-(‘y::"";‘ RN -

m AT Ve T (2.25)
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Now let us express the change in the angle of attack Ao by the
changes An, and AV, The coefficient of 1ift of the aircraft will

be consideted to be a function of two variables: ey = ¢y (a¢,M). Then
de Jd 5Cy €. 100 de.
A B e RSN Yl A
du  Gu o.l du 4 Y dey du

From this we obtain

“ 3
c
H 1 —_~ o

Ju AT AN (2.26)

N — - &

L - 1—c¢
2 by dey ¥ Acy

The change in the angle of attack of the aircraft is expressed by:

Now let us substitute the values Ae, from (2.25) and de, /do
from (2.26), and replace AM by AV/a = (My/Vg)AV, where a is the

speed of sound at the flight altitude in question; we then have: /47
Sz A, == AV, (2.27)
Here:
I (2.28)
and . T2 S \
T e e EREA
AT e (2.29)

Similarly, we can also find the relationship of a change in
the glide angle B to changes in the parameters of the flight tra-
jectory which are perceived directly by the pilot (ngh, ny, and V).

For this purpose, we can use the following formula for the
side foree load factor n,:-

. (€. == A0} S, (Vg = AV)2
Ny=lgy = dn e —fo D50 Vo avy ~
=g
o . 2n,
=y, Ao, ———=aV,
czg V\') ( 2.30 )
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(2.31)

From this we obtain:
¢, / Zn, \
Ae,=—" lp,— I AV
ng, \ Vo /
In the special case when ng, = Cg = 0, and nyo = 1, we obtain
the following from the left-hand side of (2.30):
Ay =10y, 100 ' (2.32)

The side force coefficient will be considered to be a
The total deriva-

ey = eg(B, cy,M).

function of three variables:
tive dez/dB in this case will be equal to

dog 00z | bep deg oy
2 17 ocy 653 vl ds
L 1
=ci- (,‘C'J “ey deg . ! _",_f‘i
< de, & 2 ode, db
From this we obtain
de, o o (2.33)
—— = Yo me— -2z N —_—
v N ’
as X_C[J(LJ 14 A—Cyﬂ—c"——t‘"'_\m'
* de ¢ e, 2 Ar, Az,
48

the values Aegz from (2.31),

into this equation
we will have:

By substituting
deg/dB from (2.33),

bey from (2.25), and
=L n, ML on, LB (2.34)
where o I Temo
Zo— S5
R /zzoc_';-‘ (2.35)
C.
B., —= C‘”"C“’i
. n, el
s (2.36)
By= #/TC,— {2y, C;y - /1"/100:;: —2ez,).
(2.37)

and
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For the partial case nzg = ¢z, = 0 and nyg = l, we have:
- (2.38)
Where G by i 0,0y 05,
C-/o
= (2.39)
<,
b _f;z/_r,(vzj‘ (2.40)
= Lz
and
, P ‘, RV 54N
V= TS (2.u41)

2.2.

The first chapter dealt with the physical aspects of the inter-
longitudinal and lateral motions of an aircraft while
was shown that with a certain combination of the
inertial,
the above-mentioned interaction can lead to a loss
Let us now consider the effect of rotation of the

dction of the
rotating. It
Parameters of
the aircraft,
of stability.

motion,

Elevator Motion per Unit Load Factor

and aerodynamic characteristics of

aircraft on the basic characteristics of its controllability.

Let us determine the
stabilizer) per unit load
rotating, and the initial

the aircraft with rolling:

ot Sl B

For the present,

displacement of the elevator (or movable
factor during flight when the aircraft is
flight regime is a gquasistable motion of

=" w, --.and. | =-u.

we will consider the side force coefficient

of the aircraft to be the function of only two variables (for the

sake of approximation):

the angle of sideslip and the Mach number

of flight, i.e., we will initially assume that cz(ey) = 0.

(a)

Under the assumptions listed above,

DERIVATION OF THE EXPRESSION FOR THE MOTION OF THE
ELEVATOR PER

UNIT LOAD FACTOR

the increase in the angle

of the elevator or movable stabilizer required for a given change
of flight parameters can be found from (2.22) as follows:

A s

- J:/\uph)g _—
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The changes in the angular velocities of pitch and yaw (wg
and wy , respectively) are likewise obtained from (2.18) and (2.19):

(2.43)

Z‘;/— W . e w o N
2V o ‘}0 ST SeSE T T AR (2.44)
2 Y . o

The total angular velocity of roll Q, can be represented ap-
proximately by the expression

where dy/ds is independent of Any, Any and AV.

Consequently,

=S e (2.45)

If we substitute the values wgz, w, and w, from (2.43), (2.44)
and (2.45) into (2.42) and then replacé the values Acy, Ao, and B
in accordance with (2.25), (2.27) and (2.38), we will have a for-
Mula for determining ASy from the changes in the parameters of the
flight trajectory Any, An, and AV and their time derivatives:

s (2.u86)

If we assume that the derivatives of the changes in the tra- /50
jectory parameters with time are equal to zero and we differentiate
(2.48) for vertical load factor, we will have the total motion of the
elevator required for the aircraft to make the transition from an
initial stable flight regime with n = 1, ng, = 0 and Vg = const,
to the also stable regime of curvilinear flight in space 1in the
general case, with ny # 1, ng # 0, and V # Vo. This total motion
O0f the elevator is represented by the total derivative

a5 ao, Gh by [/ 743

dny  oony owig diay UGV diy
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Shifting from the differentials to the final increment, we
have

(2.47)

We find the expanded expressions fov determining the partial
derivatives involves here, Gg, 85, and &

Using the calculations produced in determining (2.46), we have
the following expression for Gg.

1 - [
ap .
Clo= " My RAtr L
3 M Yo, — I

A} -- Jp"',v"-“‘ (g,

¥
My (2.’-[»8)

g
t
-

’ 9
— Uy—J) Al

From the above it is clear that the value Gg can be repre-
Sented in the form

no a/ W _!_?,,' w2
Ly b ey Kot '1;_\),.'0 . ( 2.49 )

The coefficients 6% and 6%2 in (2.48), which express the
relationship between the value of 6% and the angular velocity of
roll, reflect the influence of the operating regime of the engine
(coefficient &% » including the parameters J, and wp) and the nature
Oof the mass distribution over the aircraft (%he coefficient 6%2
the difference between the values J, and Jy).

Having used the relationships (2.23) to express the derivatives
of the aerodynamic forces and moments through the corresponding
derivatives of the aerodynamic coefficients, we obtain the formu- /51
las for determining the coefficients of (2.49) as follows: _—_

Y TN
o P (2.50)
where
s is the static margin of longitudinal sta-
s,=m¥-—-—2 _ bility of the aircraft under normal load
*1 factor;
w. -._ 2 is the relative rate of the aircraft in
°l Q8. longitudinal motion;
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Here K =

mV% is the doubled
Finally,

(b)

I\L",; :.,r"‘ ( 2.51 )

kinetic energy of the aircraft.

ANALYSIS OF THE EFFECT OF VARIOQUS FACTORS ON THE MOTION

OF THE ELEVATOR UNDER LOAD FACTOR

It is clear from (2.50) that with o4 < 0 and mgB < 0, the co-

efficient 8% is negative. If w

< 0 (left-hand rotation of the

engine rotor, which also occurs as a rule in modern turbojet air-

craft), then [as we see from (2.51)] the value of 6”1
The greater the polar moment of inertia of the engine rotor
the greater will be the value of

tive.
and the higher the engine rpm,

i.e., the greater will be the effect of the angular velocity

s

Bl

of roll wmo B
It follo%s from (2.52) that

Jy > Jyp and myB < o,

Supersonic aircraft.

on the derivative §&7%.

In particular,

the value &%

in the mass distribution along the longitudinal axis of the fuse-

lage (with an increase in J

(flight at high altitude). Y

This

more pronounced as the value of wg,

Law of the guadratic parabola).

Ty

S A

=Ly,

Trqd/sec

Fig 2.1:
pendence of 6% on the Value
of the Initia? Angular Velo-
city of Roll.

Example of the De-

) and the coefficient of lift e

. . . Yy .
decrease 1in the derivative 8” is
increases (according to tEe

Figure 2.1 shows an example
of the change in the relative
value of the partial derivative
§7 as a function of the value of
the

The value of 3% is expressed by
the eqguation
LEYIAY B P
e VL) foree S L L S s
Sy 2] 0T G0 8 e 2 1009
PG jfor w, =0 el

An example of the change in
the relationship of the absolute

values of the individual components

in Equation (2.49) as a function

39

(2.52)

will be posi-

is also positive when
which also is the case as a rule in modern
it follows from this that the
absolute value of the partial derivative decreases with an increase

angular velocity of roll W g -
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of wg, is shown in Figure 2.2. Here the following legends are
used:

where -
A i [N

The initial parameters used in the calculations in this chap-
ter are the following:

R . i .
(0 Co0 ke /,=27om/sec e == 0005

, .,«\kg'sec2 . . g )
‘—:\:.];:2 o S C;_"—_:- — g\
O o= ]‘y!/\,*‘ ("""—-’——(‘/‘,C‘
=8 =1 i P 0,50
{ =-m e, =0a23 airem — 007
J.=200 kg emesec2 gLl 7L PTAPCINS Jt
.lr"—* ’.7’:~,:\/ kg ~m~seC2 :-o:(: e — (G

. e S e
jf;?qx}km-m-secz wy ==don R SRR
) ‘m-.sec? S et i
D i kg o by e Jo e — U0
Gy T Ry rad/sec Jo=1 —0.13
7. km o= N an
M=o Cp==3,15 ny= —0:30

It is clear from the diagram in Figure 2.2. that in this par-
ticular example the relative value of the term with 6n1 in Equation
(2.49), characterizing the effect of the gyroscopic moment of the
engine rotor, is small and remains practically the same with an

increase in the angular velocity of roll Wz - The relative value
of the term 87 decreases with increasing Wrg, and at wg, = 2 rad/
sec it alreadyoamounts to about 50% of its initial value. In other

words, the margin of longitudinal stability of the aircraft under
stress is of critical influence on the value 8" at 1low angular
velocities of roll, but this effect decreases markedly when W
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increases, The effect of the weight distribution over the aircraft
upon the wvalue dg is characterized by the term with Gg . It is
clear from the diag%am that at /54
— angular velocities of roll less
T U LS than 1 rad/sec, this effect is

7 '?}<Q§\ \FQSE relatively slight, while at high
| A RN
f Z \\

s R e

é%%%;y§§\>\\\§§—*—§§§§’ angular velocities of roll it

%242€ZZ€%§%‘ ‘§§§Q§i is vreally quite significant.

”’of///f;/'" N \Q§\i

2;;{;/%5%55://"‘5§§§\ In a more complex instance
0

the formula for the expression
8” also becomes more complex.l
Thus, for example, with %Y #
0, n,, # 1, gy, # 0 and w§ #£ 0,
instead of (2.549) we will fave

‘ws,rad/sec

Fig., 2.2: Relationship of the
Absolute Values of the Indi-
vidual Components in the Ex-
pression for 6%.

where, in particular,

- ol 1) e / . i’ \
e it T s
2, < J § 4 ;
PR R
\ /
o P c
and R S N RSP S
(,':-
H
o . /
Here, J = mbAVo is the moment of the forward inertia of the

aircraft.

For the sake of simplicity, the value J can be interpreted as
the modulus of the inertial vector of the aircraft's center of
cravity relative to a point whose distance from the center of grav-
ity is equal to b and lies on the axis oy, perpendicular to the
initial speed vec%or Vo .

By analogy with the method by which (2.49) was obtained to
letermine 6?, Wwe can also find the expression for the partial

'For further details, see: Kotik, M.G.: Upravlyayemost' sverkhz-
sukovykh samcletov v krivolineynom polete (Maneuverability of Super-
sonic Aircraft in Curvilinear Flight). Trudy VVIOLKA imeni Prof.
V.E. Zhukovskiy, No. 1027, 196U4.
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derivative 6;:

aj=:-4‘j“~'i«ai.\:)xv’ (2‘53)
where .
P Hufj””{.__;Li\
8, st 500
wi A ¢z ) (2.5u)
and . c / e ‘;f‘-(‘x/.,"yi'"‘\
=t X I
/4.'.;“ J )63;‘ /
(2.55)

The coefficient 6§ is always

and ¢, < 0. It is clear from (2.2

3

Bz
> {x, my .< 0
with an in-

positive when J
5) that especial

1y

crease of the mass distribution along the lengthwise axis of the

fuselage, an increase in the aero

dynamic damping of the pitch and

the coefficient of 1ift, the value §f, increases. At negative

wps mE £,

gyroscopic moment of the engine r
this coefficient.

and cg the coefficient §

Usually the ratio Ang/An, <

is also positive. The greater the

otor the greater the value of

since the increase of An, , as a

0,

rule, leads to a reduction of"V and to a certain decrease in cj,

which [as we can see from (2.30)]
If Wa is then greater than zero,

which contains the partial derivative 8% is negative.

< 0, the term in (2.47) promotes
of this total derivative, i.e.,
elevator per unit of vertical loa

rad/sec

2,3:
pendence of §2 on the Value of
the Initial Angular Velocity of
Roll.

Fig. Example of the De-

VoLV
= 0,
Ho o By

AV

Cy

L2

in turn causes a decrease in PR
the term of the expression (2.47)
At dGB/dn

an increase in the absolute valle

an increase in the motion of the

d factor.

The change in the relative
value of the partial derivative
6”2 can be illustrated by the
example in Figure 2.3. Here
the symbol 8% represents the

. . B
relationship

o
w

‘3N
jRV

39,

1000 =

U

G

~Z
o

11

4

PARTTAL DERIVATIVE 6B

(c)

The partial derivative

sV, 1like 6%, is the sum of
B B :
three components:

r A 2
Wiy e (‘b."u-\'o'

(2.56)



The coefficients that enter into it are expressed by the fol-

lowing formulas:

When ¢ < 0 and J
the same assumption
term in (2.58) will

the second term in this formula will be positive,
turns out to be less than the modulus of the first term.
cases, the coefficient Ggl

> 5
regarding the sign of ¢ ang wp

also be negative.

Ve
s

(2.57)

(2.58)

(2.59)

x> the coefficient sV is negative. With
< 0, the first

If

<0, €L Vandn 0,

but usually it
In such

will also be negative.

It is clear from (2.57) that with mg
the coefficient §

negative aerodynamic derivatives,

> 0 and with the remaining
which char-

acterizes the longitudinal static stability by velocity in the ab-

sence of any rotation by the aircraft,

is positive.

Consequently,

with w,, > 0, both terms_in (2.56) which contain wg(y tend to make

the partial derivative §
keep the derivative §

positive,

negative, while the term 6By helps to
i.e., in this case the stability

/56

of the aircraft with Velocity decreases with an increase in the angu-

lar velocity of roll wg,.

A drop in the stability of the aircraft with velocity (a decrease
in §V) naturally leads to a drop in the absolute value of the total

derivative ddB/dn
under force,
vertical force,

since the ratio AV/An
the speed of the aircraft is reduced).

in the presence of stability of the aircraft

< 0 (with an increase in the

Examples of the change in the relative value of the partial

derivative 6§

and the ratio of the

absolute values of the individual

terms in (2.56) as a function of the angular velocity of roll W o

are shown in Figures 2.4 and 2.5.

The arbitrary symbols used in
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these graphs represent the following values:

where 5

After examining Figure 2.5, we conclude that in this example,

the effect of the term with dgl

-4 -3 ~Z -/ J 7 £ ) S,

rad/sec

Fig.
ence of 8/ on the Value of the
Initial Angular Velocity of Roll.

about 10%.

2.4:~ Example of the Depend-

(the gyroscopic moment of the engine

rotor, the derivative ey

etc) on the value is negligi-
bly small. Up to high values
of the angular velocity of
roll wg,, the principal in-
fluence upon sV comes from

the term &V (fhe effect of
the static margin of longitu-
dinal stabilitv, the derivatives
My o M ete.). It is only at
very ﬁigh values of wgpy that
the term of (2.56) which con-
tains 8V, begins to play a
significant role (effect of
the mass distribution). Thus,
in particular, even at wgpo =
1.5 rad/sec the relative value
of this term amounts to only

To determine the required increase in the deviation of the contro
stid<(AxB), Wwe can write an expression which is analogous to (2.46): /

ny



Bx, = X[AMy | X7 Ny | XA, | x3An, - xEAR, 4

XA, VAV xPAV - xPA VY,

The derivatives z%, x e, x2 v e es 2V involved here can be
2 BB 2 -]

determined by using the familiar kiInematic relationship:

100% = A T O ¢
ALK C, = ‘', ==
\\‘\\\\:\\\‘:\\\\\\\\;}\\\ _\ ‘ 561 ..\-\,, ~ (l-\u_——~ . n .
7 S0 \\"\\\\\\ l’;; ‘ N “y t.r *
ol . N R ! o
[ v S
0%y 77 gk
‘7 /'""., "50/’ ,
<7zé4/‘”;«p/‘f ! where K¢ 5 is the gear ratio
,;}fﬂ& o : of the system for longitudinal
AR . ‘ control of the aircraft.
0 * £2 z3 14w,
rad/sec The same method can be used

to determine the increase of the
forces acting on the control
stick and its corresponding deri-

vatives during manual longitudinal
control.

Fig. 2.5: Ratio of the Abso-
lute Values of the Individual
Terms in the Expression for GB.

in particular:

dl’
"= P
dny L

The derivatives zf and Pg are the basic characteristics of the
longitudinal contraollability of the aircraft under force, which
can be sensed directly by the pilot. The deviation of theilr actual
values from the normal ones can create prerequisites for the unin-
tentional entry of the alircraft into critical regimes.

2.3. Angular Velocities of Pitch P~11 Coupling /5

The angular velocity of rotation of an aircraft, at which it
loses its stability and undergoes a sharp deterioration of control-

Libility is called "eritical". It is clear that the larger the
absolute value of the critical angular velocity becomes, the smaller
is the possibility of attainingilt when performing a maneuver. Let

us begin by considering the critical angular velocities of roll at
which, as a result of an interaction between the longitudinal and
lateral motions of the aircraft, it loses its longitudinal stabil-
ity.

As we showed earlier, the absolute values of the partial deriv-
atives 6” and 8Y decrease with an increase in the absolute value of
the angu?ar velocity of roll War g 0 according to the law of the quad-
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ratic parabola. If wgp < O, the increase of its modulus (in the case
studied above) also leads to a decrease in the partial derivative
68, The change of 82 as a function of wg, is linear. Hence, from
tEe theoretical stangpoint, there are always values of wg_  such

that the total derivative d6._,/dn, becomes equal to zero. A further
increase in the absolute values of wyp. causes this derivative to
change sign and become positive, then to begin increasing. The
aircraft becomes unstable under stress load factor with fixed con-

trols.

The angular velocity of roll at which the total derivative
dé_/dn, becomes equal to zepro is called the angular velocity of

roPl, gitch roll coupling wir

The value of mir can be determined from (2.47) when the deriv-
ative déB/dny is equal to zero. In this case, we obtain from (2.47):

By Aty -l 35 An, - By AV =0,

Substitutidg here the expressions for the partial derivatives
§n, 82, and 8Y from (2.49), (2.53), and (2.58), respectively, and
grouping the %erms with the same degrees of angular velocity of roll,

we obtain the total quadratic eguation relative to we

A ((@2 L Bmfr-;-(:=0,
A=23] An, 430 AV

B=3% An, 32, an, +3YAV; (2.80)
C=3",an, 32, An, + 3, AV,
From this we obtain the angular velocity of roll which is /60
critical for pitch:
—B 1}/ B2—44
(!)P= —-—__ﬂ:_,lw.. - .. C. ( 2 . 6 l )

cr 2A

If the angular velocity of roll in flight in absolute value
turns out to be %arger than the critical value determined by (2.61),
ice., jugyl > |wcr|, then (as we mentioned earlier) the aircraft
loses its stability with load.When this occurs, a fundamental change
occurs in the controllability characteristics of the aircraft, dis-
orienting the pilot, considerably complicating his task, and fre-
quently causing the aircraft to stdll. This is explained by the

following:

The pilot judges the maneuverability of the aircraft by its

u6



reaction to certaln movements of the control surfaces, the degree
and nature of the movements of the controls (stick and pedals), and
changes in the force applied to the latter while in flight. By

Fig. 2.6: Movements of the Control Stick, Required to Shift the
Aircraft from One Stable Flight Regime to Another. (1) Stable Air-
craft (Adequate Degree of Stability); (2) Stable Aircraft (Low Level
of Stability); (3) Neutral Aircraft; (u4) Unstable Aircraft: ---- =
Forward Movement of Control Stick, O = Its Original Position, » =
Backward Movement of Control Stick (Final Position Shown by Black
Silhouette).

tilting the control surfaces, he overcomes the aerodynamic, inertial,
and gyroscopic moments acting on the aircraft. Depending on the
nature of the changes in these moments during disturbed motion of

the aircraft, the movements of the controls (stick and pedals) re-
quired to carry out a certain maneuver will change with time.

In an unstable aircraft, when making a transition from one
regime of stable flight to another, the pilot must first move the
control stick (in the case of longitudinal instability) and the
pedals (in case of lateral instability) in the direction of the
maneuver being carried out; he must then move them back again and
tilt them in the opposite direction to halt the rapidly developing
motion of the aircraft (Fig. 2.6). In neutral and slightly stable /61

aircraft, this back-and-forth movement of the controls is continued
when flying, but its magnitude is much smaller.

In a neutral aircraft, the pilot returns the controls to the
initial position after completing a maneuver; in stable flight how-
ever, he keeps moving them back and forth. It is only when there
is a sufficient static margin of stability in the aircraft that these
dual motions (back and forth) of the controls are nearly absent,
and the way in which they are moved for control becomes simpler and
easier. The forces on the controls also change in a similar manner.

Not only the movements of the controls and the forces on
them, as applied by the pilot in performing a certain maneuver, but
also the nature of the actual transition process and the lag in the
reaction of the aircraft to the motion of a given control (the stick)
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are different in stable, neutral and unstable aircraft, i.e., the
ease of controlling the aircraft depends to a large extent on its

stability.

Stability improves the reaction of the aircraft to the actions
of the pilot, reduces the lag, and facilitates control over the
flight regime and the "dosing" of the required movements of the
controls to maintain the required flight regime and to carry out
required maneuvers., This considerably relieves the load on the
pilot's attention, reduces the demands on his mental and physical
energies, and cuts down on the amount of flight time devoted merely
to maintaining a required flight regime. The picture is quite the
opposite in an unstable aircraft. Hence, it is much more difficult
to pilot an unstable aircraft than a stable one.

For the frequent case of flight with Any # 0 at Ang = AV = 0,
(2.61) becomes

YRV N1
oGP~ VL P—anian

cr pLLA (2.62)

If we substitute the wvalues dgo, §” ., and 63 from (2.50),
(2.51), and (2.52), respectively, we will have:

o
J J pw b Kes,
«»ICDF'*—~ 7 il/ [ o ]_%_ '(!L'l‘ (2.63)
2(1 5 —Jy) 20Ux~Ip)  Ue—Jo)binst

With o, < 0, both terms under the radical sign in (2.63) be-
come positive (J, > J,). Therefore, the right-hand term in (2.63)
is always greater in absolute value than the left-hand term. Con-
sequegntly, in this particular case one of the solutions will always
be w c¢r> 0, and the other will be wl < 0. Of these two values
of wgr determined by (2.62), the positive wf_ has the smaller ab-
solute value at w, < 0. In this case (fligﬁ% at wggy > 0), the
critical angular velocity of roll represents the difference between

the first and second ferms. In flight at wg, < 0, the critical
angular velocity of roll is the algebraic sum of the two terms (in
this case, there is a minus sign in front of the radical. The dif-

ference in the absolute values of the negative and positive wPr in
this case is due solely to the effect of the gyroscopic moment.

From (2.63) in particular, we can see that the increase in the
mass distribution along the longitudinal axis of the fuselage, as
well as the decrease in ca, lead to a decrease in the absolute
values of wf , i.e,, they constitute the prerequisites for an ear-
lier loss o%rstability by the aircraft under stress. At wp < 0,
in the case where we, < 0, the increase in the absolute value of
the gyroscopic momen% leads to an increase in the absolute value of
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w€r5 in the case where w,. > 0, however, the picture is the opposite.
In the general case of an intentional maneuver in space with An, #

0, Ang # 0, and AV # 0, the angular velocities of roll, critical for
pitch, are usually close in absolute value to the values of wP
determined by (2.62) and (2.63). Therefore, for the sake of ggproxi~
mation we can assume the values of wf_ determined by (2.63) to be
angular velocities of roll critical for pitch also in the general
case of an intentional maneuver in sgace, i.e., from the condition

of equating the partial derivative &8 to zero. If it is necessary

to have a more precise determination of the value of wf_ for an
intentional maneuver in space, this must be done with $he aid of
(2.61), substituting in it the values of An,, Anz,'and AV, deter-
mined from the motion equations of the center of gravity of the
aircraft in the maneuver in question.2

2.4. Movement of the Rudder and Stresses on the Pedals
per Unit of Sidestip Angle.

(a) MOVEMENT OF THE RUDDER PER UNIT OF SIDESLIP ANGLE

The increase in the movement of the rudder, or movable stabiliz-
er, required for a given change in flight regime, is found from
(2.21):

¢ B
A?'u I 'li, . [‘/!/m!/ "i_ (J\ - ‘/z) Mgz — M!/yA(‘!/ - /VI!I?‘j -
M "

14

m m 5 1% (2.64)
- A’T!/(/«v)y - M_,,X(')x~ - M;, B -— My AV”}" Jp(')p(')z]

By substituting into this equation the changes in the angular /63
velocities of pitch, yaw and roll from (2.43), (2.44) and (2.45),
respectively, then replacing Ac, and B by means of (2.25) and (2.38)
and finally differentiating theYexpression obtained for B, we ob-
tain the following equation for determining the movement of the
rudder per unit of sideslip angle:

: 3 wm, 78 9
iy = 3 l:— My-{‘ M!/y >—+‘/p(')p(')-¥0+(‘/.f——j2)mx,,jl , (2-65)
IHVO
R N T B g (2.66)

The values of 65_ (¢ = 0, 1, 2) used in (2.66) are determined by
7

2gee for example: Kotik, M.G., A.V. Pavlov, et al: Letnyye ispy-
taniya samoletov (Flight Testing of Aircraft) "Mashinostroyeniye'", 1965.
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the formula:

ol o
O;_,a: - o .
m;i (2.67)

where
. cim@ is the static margin of lateral stability of the
%==mf——EfL—~aircraft unde: lateral stress, and
6
s 2m__ is the relative rate of the aircraft in
QuS! lateral movement;
82% 3 o JoRt (2.68
SENN Nus SuRasEnEREsun C Kmy
y { i FN T T
V.G 50 : and 3t —Ux—=Js)ps
V. N Ha — [
y 4 H
/ Km, (2.69)
-3 2 ! ot 2 3wy,
I‘ad/sec
Fig. 2.7: Example of the De- . As we can seeéﬁrom (2.69),
with J2 > Jx and m < 0, the
pendence of §B on the Value of value of 6B becomel re;ter
the Initial Angular Velocity ¥2 g
of Roll than 0. I wp < 0, the value
: of ¢ is also positive. From

8

(2.6?& is follows that with
negative aerodynamic derivatives, the coefficient §B becomes 1less
than zero. Figure 2.7 shows the degree of change in%the relative /61
value of the partial derivative §8 as a function of the value of -
the angular velocity of roll wgy. An example of the change in the
relationship of the absolute values of individual terms on the
right-hand side of (2.66) as a function of wp, is given in Figure
2.8. Here the following conditional symbols are employed:

T (W) for e & 33
0ﬁ=£32-— to 10005 == —"_ 1000,
13 ¢ B S0,
( u) for C e h“.
5 k&
¥ —_— _q-
°"°-“ﬂ|a“ a 1009,
a—— H
') — l Ny ,
Hy = (‘i“":;‘—ln - 100" ;
— W Pxg
3 9
Y kA
=S 100%,
st ‘0 ]
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where

2l

AR R P ' l«'«} 3 2
Z lolli“’xal——l“uol‘t‘ O;n,mx,,l—}- Ia,‘,’w_‘.d],
i=0

It is clear from Figure 2.8 that in the example given, the in-
fluence of the term with 631 (the influence of the gyroscopic moment
of the engine rotor) on thé value iIs small. At small and average

values of the angular velocity

— of roll, the principal effect on
100% TSI RS =36/ the derivative 68 1is exerted by
the term in (2.6&) which con-
tains the coefficient 8B (the
effect of the static margin of
lateral stability of the aircraft
under lateral force. It is only at
very lavrge angular velocities of /65
roll that the effect of the term
with 68 (the effect of the mass

s0%1”

distrigation over the aircraft)
rad/sec becomes significant.
Fig. 2.8: Ratio of the Abso- Clearly, the travel (move-~
lute Values of Individual Terms ment) of the pedals per unit of
in the Expression for GH. sideslip angle in accordance with

(2.68) can also be represented
in the form:

a 2
'xg ='x“o + x?'lu)xo+ xia‘n (on_

(b) CHANGE IN FORCE ON THE PEDALS PER UNIT OF SIDESLIP ANGLE

The increase in the force on the pedals AP in controlling

2
flight without the aid of boosters, is equal to:H
1 Az m%nx Lysl
AP, = A, | A%+ o g'}‘vvrwﬂ ’ (2.70)
where m sm ¥ Fws,
Ay= — kggrSubak ve. rmls
BT Snﬁnrlvspus%, s
Vs, . - . e
k“§=—vf——— is the coefficient of drag in the vicinity of the
0( vertical section of the tail;
'
pu§=7;—- is the spécific load on the wing;
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is the rate of oncoming airflow in the vicinity

Vs~ of the vertical section of the tail;

m;nf- is the derivative of the rudder hinge moment co-
efficient according to the sideslip angle;

"l;ﬁ" is the derivative of the rudder hinge moment co-

efficient according to the angle of its deviation;

S, and bH are the avrea and chord of the rudder, respectively.

L, _Lvs, 1s the relative arm of the vertical section of
ST the tail.

If we substitute the value of w, from (2.44) into (2.70) and

differentiate the expression thus obtained for B, we will have the
equation for determining the change in force on the pedals per unit

of sideslip angle Py:

8 2
Pl= P} - P o+ Pl ok,

(2.71)
where
) . omd Ly e’ (2.72)
Ph=A, |8l 4 om [ DR8]
mM Ho VkV.s,
A 2R,
/ Hy = -’x""u,a ( 2.93 )
Pro= A, (2.74)
With'mgHm < 0, the value of AH is positive. Consequently, in
this case the values of PEZ and Pgl will have the same sign as the
coefficients 6%2 and 651. As mentioned above, the value of 650 is
. . B
usually negative. If e, 1is then less than zero, and mg . > 0, then
both terms within the brackets in (2.72) will have the same sigﬁ,
so that the absolute value of PSO will increase. The reverse is
the case when mi m < 0: the swiveling moment of the rudder causes

a reduction in the degree of static directional stability of the
aircraft with free controls.

The values xB and Pg are some of the most important character-
istics of the maneuverability of the aircraft along a path, involving
the sideslip term. The latter plays an essential role in the possi-
bility of unintentional entry of the aircraft into critical regimes
(more detail on this will be given later).

2.5. Angular Velocities of Roll, Yaw-Roll Coupling
An analysis of (2.66) and (2.71) will show that in this case

the increase in the absolute value of the angular velocity of roll
leads to a decrease in the absolute values of the derivatives 6%
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and PB. As a rule, there are always values of uwg, (both negative
and positive) such that these derivatives turn oul to be equal to
zZero. A further increase in the absolute values of wyp,, leads to a
change of sign of the derivatives 6B and PB from negative to posi-
tive, i.e., the aircraft becomes directionallv unstable (according
to the restricted or free control over its path).

By analogy with the above, we shall call the angular velocity
of roll at which the aircraft loses its directional stability in flight
with restricted control (the derivative 88 becomes equal to zero),
the "ecritical angular velocity for yaw wi%h restricted flight direc-
tion", and will represent it by wB, ,. The value wyp, at which the

aircraft loses its directional stability in flight with free control

(P8 = 0), will be referred
ro?l for yaw with free path
w%r.f; The value wgr,r. is
ative 8B equal to zero. So

tained for the angular velo

oP
ey,

From this, with the ai

obtain:

o J

At negative aerodynami
terms under the radical sig
term in (2.76) is smaller t
fore the solution of (2.76)
one negative value of wgr.r
is negative when w, < 0, th
smaller in absolute value t
roll in this particular cas
in absolute value. It is p
greater the mass distributi
fuselage, the smaller will
bility of the aircraft with
smaller the absolute value
of wg r)' An increase in
moment 6f the engine leads
the negative wg (flight
tive wgr

Now let us find the fo

o

W e --
e

(£11gRE with wg,

to as the critical angular velocity of

control, and will be represented by
found from (2.66), by making the deriv-
lving the quadratic equation thus ob-
city of roll, we will have:

; .
—bn, & V(38 )2—4nf 08

(2.75)
288
d of (2.67), (2.68), and (2.69), we 67
Pmp_-__g___ i/ ",/;m; + KUQ
I — J2)? (/x"Jz)I*()‘ (2'76)

¢ derivatives (o_. < 0) and Jz; > J5, both
n are positive. “Consequently, the first
han the second in absolute wvalue. There-
must necessarily be one positive and
But since the first term in (2.76)
en the positive value of wP will be
han the critical angular vgiégity of
e, and the negative mg will be larger
articularly clear from '(2.76) that the
on along the longitudinal axis of the
be the degree of static directional sta-
restricted control and aerodynamic yaw (the
of 0.), the smaller the absolute values
the absolute value of the gyroscopic
to an increase in the absolute value of
with ?xo < 0) and a decrease in the posi-
> 0).

rmula for determining the critical angular
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velocity of yawing with free directlional control. From (2.71) with
Pﬁ = 0, we will have

—rh, £ V(PEY—4Pi Pl
Gp i E A T et (2.77)
cxf 2Pf,

The angular velocities of roll critical for pitch and yaw are
sometimes called the first and second critical velocities. Usually,
the one which is smaller is called the first critical velocity and
the larger one is called the second critical velocity. Theoretical
analysis and flight tests show that the danger of an undesirable
interaction between the longitudinal and lateral motions of the
aircraft when performing a maneuver with a roll (wx0 # 0) increases
as the difference between the absolute values of the first and second
eritical velocities increases (as the absolute value of the first
critical velocity decreases and the absolute value of the second

increases).
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CHAPTER 3
STALL T

3.1. Distinctive Features of Supersonic Aircraft which
Determine the Characteristics of Critical Regimes

The aerodynamics, design and weight of modern supersonic air-
craft differ considerably from those of subsonic aircraft.

The principal reasons for the considerable difference between
the characteristics of supersonic and subsonic aircraft are the
following:

(1) The change to a sweptback or delta wing configuration and
tail.

(2) A decrease in the length and relative thickness of these
structural elements.

(3) An increase in the wing loading.

(4) An increase in the length of the fuselage and the nose
section in particular.

(5) An increase in the volume of the fuselage and the weight
load placed upon it.

(6) The use of a controlled stabilizer and (in some cases) a
controlled tail fin.

(7) The use of high-powered jet engines.

(8) The incorporation of boosters and automatic devices in the
control system.

(9) Equipping the aircraft with special devices.

Characteristic trends in the development of individual aircraft
parameters can be traced by using the example of the well-known
Soviet aircraft (typical jet fighters) built by the gpecial Design
Office headed by A.I. Mikoyan: the first mass-produced Soviet jet
aircraft, the MIG-9; the MIG-15 subsonic jet aircraft; the sonilc
MIG-17; the first Soviet supersonic aircraft, the MIG-19; the first
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Soviet aircraft with a controlled stabilizer,
MIG-21, which can travel at high supersonic speeds.

the following characteristics of these aircraft:
angle of the wing,

vertical sections of the empennage,

Xw

.
>

the MIG-18s;
Table

and the.
3.1 lists

the sweepback

the sweepback angles of the horizontal and

the mean aerodynamic chord of the wing,

of the aircraft, Gpgxs the ratio of the axial moments of inertia of

the aircraft, the length of the fuselage Ay, the relative length of
the nose section of the fuselage 7, ¢.

length of the fuselage and Ij ¢,
the relative area of the elevator §

e s

Xh.e

and Xy,e,(» respectively;
the maximum flying weight

A>s

/69

L. f./Lf (where Lf is the

the horizontal section of the empennage Ly .,

TABLE 3.1.

is the length of its nose section);
and the relative length of

RELATIVE CHARACTERISTICS OF SUBSONIC AND SUPERSONIC AIRCRAFT

Characteristic

Aircraft

MIG-9

Xy in deg
Xh.e.indeg
Xv.e indeg
ba in m

Gmax 1n kg
Tyl

Jxidy

Mt

%n.f.

Se
Ly .e.

0
20
30
1.52
4990
1:1,75
1:2,04
6.26
0,360
0,228
2,88

LIG—lEMIG-l?
I
35 45
40 45
56,0 55.68
2.12 2.36
4810 5200
1:2,9 | 1:3,71
1:3,23 | 1:4,23
5,57 6,35
0,440 0,465
0,264 0,285
2,5 2,46

MIG- _
MIG-19 oo |MI6-21
55 55 57
55 55 55
57,5 | 575 | 60,5
3,021  3,02| 4.0

6820 | 7560 | 7840

134,51 | 1:4,33 | 1:11,09

1:5,30 | 1:5,12 | 1:11,80
7,09 79| 9,82
0,495 0,495 0,527
0.197| 0,572 0,589
42| 1,64] 1,32

A clear idea of the characteristic trends in the change
external appearance of aircraft with a change to supersonic
can be obtained from Figures 3.1 and 3.2.

change in the ratio of the planar moments of inertia Iz/1.,

wing loading Py
and the wing length A for a number of aircraft,

G/S,

Figure 3.3 shows

of the
speeds
the
the

(for the mean flying weight of the aircraft),

their year of manufacture.

Let us examine in somewhat greater detail,
of supersonic aircraft of conventional design (fuselage-wing-empen-
nage) which affect the characteristics of the critical regimes.

The modern supersonic aircraft of conventional design is character-
ized by wings with small relative thickness and a high sweepback
angle (along the leading edge in the case of a delta wing and along

the quarter-chord line in the case of a sweptback wing).

as a function of

the basic features

The

wings are much shorter in supersonic aircraft then in subsonic ones

(see Fig.

56

3.3).

This means a reduction of the wvalue Cymax and the
absolute values CYmin> &S well as a considerable increase in the
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absolute values of the critical angles of attack in supersonic air-
craft (Fig. 3.%), The shape of the curve ey = f(a) in the range of
Near-critical angles of attack in supersonic aircraft is smoother
than for subsonic aircraft; this is due primarily to the shorter
Wwings (with respect to the wings of subsonic aircraft).

Fig. 3.1.: Outlines of Subsonic Aircraft (MIG-9 and MIG-15) and
the Supersonic MIG-17.

MIG-19s MIG-19 MIG-21
. /. _
d .

/ :x\ 4‘

5

—

Fig. 3.2.: Outlines of Supersonic Aircraft (MIG-19, MIG-19s, and
MIG-21).

The large sweepback angle of the wing has a considerable effect on

the rolling characteristics of the aircraft. The empennage of

supersonic aircraft, like the wings, is thin and has a large sweep- /71

back angle. The dimensions of the elements for longitudinal control

(and in aircraft with a controlled tail fin, lateral control
as well) are much larger in these planes than are the corresponding
elements in subsonic aircraft (see Table 3.1.).
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Changes of this type in the external appearance also entail
modifications in the inertial characteristics of the aircraft. A
reduction in the internal volume of the wings means that practically

|

0/930 1940 1950  year mfd,

1: R-5 2: I-14 3: I1-16 L. UT-2 5: Yak-1 6: MIG-3
7 LA-5 8: Yak-9 9: R-39 10: LAGG-3 11: LA-11

12: MIG-9 13: LA-15 14 MIG-15 15: MIG-17 16: MIG-19
17: MIG-19s 18: MIG-21

Fig. 3.3: Ratio of Planar Moments of Inertia, Wing Loading, and
Wing Length in Various Aircraft of Soviet Manufacture.

all of the fuel, equipment, and payload of a supersonic aircraft

are located in the fuselage. Increase in length with simultaneous
reduction of the relative thickness of the fuselage, accompanied by

a shift of considerable weight to the latter, results (as we have

said) in a sharp increase in the weight distributed along the longi-
tudinal axis ox; in supersonic alircraft (see Fig. 3.3., where the
increase in weight along the longitudinal axis of the aircraft is
characterized by a drop in the ratio I,/Ip). This means that the

weight distributed along the wingspan is decreased to a considerable
degree. This weight distribution also entails a significant dif-
ference in the inertial characteristics of supersonic aircraft with
respect to the same characteristics in subsonic aircraft. The el-
lipsoild of inertia in modern supersonic aircraft is much more elon- /72
gated with respect to the longitudinal axis. Due to the high -
welght concentration in the longitudinal axis, a supersonic air-

craft in a spin (and occasionally, in a stall) can become subject

to very high inertial moments of yaw and especially pitch, while

the inertial moment of roll is relatively small.

The flying weight and wing loading of a supersonic aircraft
are much greater (see Table 3.1 and Fig. 3.3).
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Due to the requirements of supersonic aerodynamics, the
tapering (diffusive power) of the tail section of the fuselage of
a supersonic aircraft is reduced or completely absent, i.e., the
tail section of the fuselage is thicker relative to the tail section

7

)] 1 1 1 1 1

D . -1 Il
=70 g 10 20 30 40 50 60 70 80 90 «k°

Fig. 3.4.: Examples of Curves ¢, = f(a) in a Subsonic Aircraft (1)
and a Supersonic Aircraft (2).

of the fuselage in subsonic aircraft. The relatively high degree
of tapering of the wing (especially in the case of a delta-winged
aircraft) and its low relative thickness produce an increase in the
length of the chords at the base of the wing. All of the above,

as well as an increase in the sweepback angle of the empennage,
increase the aerodynamic shadowing of the latter by the wing and
fuselage at high angles of attack.

The conditions of aeronautical operation of supersonic aircraft
also show extensive differences relative to subsonic aircraft.
There has been considerable expansion of the range of altitudes,
speeds, and Mach numbers. The operational altitudes and speeds
(Mach numbers) at which modern aircraft fly has generally increased.
The thrust of supersonic aircraft is very great. In many instances,
the maximum thrust of the engine even exceeds the weight of the
plane. The maximum speeds for rectilinear horizontal flight of
supersonic aircraft usually exceed the permissible limit over a
large portion of the coperational altitude range. All of these fac-
tors mean that at practically all operational flight speeds at
these altitudes (in a range of Mach numbers from the lowest permis-
sible value Mpip per to the threshold value Mippegh)» there is a
relatively wide safety margin for longitudinal stresses n, >»> 0 (Fig.
3.5) and therefore for longitudinal accelerations as well (V >»> 0,
since V = g(ng - sin 6). However, the flight duration of modern
supersonic aircraft at operational altitudes is relatively short.
In this connection, supersonic aircraft are also generally involved
in unsteady, rapidly changing flight patterns.

All of the factors enumerated above have a significant influence
on the characteristics of maneuverability, stability (see Chapters
I and II) and details of the critical regimes of supersonic air-
craft. Let us examine these details.
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3.2. Details of Supersonic Aircraft Stalling
(a) TENDENCY TO STALL

Regardless of the existence of a number of factors which re-
duce the tendency of modern supersonic aircraft to stall (which
will be discussed below), these planes nevertheless have Jjust as
great a possibility of unintentionally falling into critical regimes
as did the old subsonic aircraft. Such a peculiar aspect of the
behavior of supersonic aircraft can be explained by three main

reasons:

(1) The increase in the operational ranges of altitude, speed,
and Mach number, as well as the increase in the wing loading. Thus,
for example, as the flight altitude and wing loading increases, the
available reserve for ¢, decreases, i.e., there is an increase in
the likelihood of the aircraft unintentionally falling below Cyst
in performing a maneuver. At high supersonic Mach numbers, due to
the decrease in the degree of directional stability of the aircraft
(see ChapterI), very high sideslip angles may result, corresponding
to a drop in Cyst>s along with the appearance of a violent interaction
between the longitudinal and lateral motions of the aircraft, leading
first to a loss of stability and then stalling of the aircraft.

%
11> 0,
o > "
Mmln Mmin per thresh M max (v}
(min) (Vinin por) (Vhresh)(Vmax)
Fig. 3.5.: Example of Change in Longitudinal Force as a Function

of Mach Number for a Supersonic Aircraft Flying Horizontally in a
Straight Line.

(2) A considerable complication of the pilot's tasks in view
of the number of automatic or semiautomatic guidance and naviga-
tional systems. In this case, the pilot must practically simul- /74
taneously keep track of a great many instruments and devices which T
indicate flight parameters and operating conditions of the engine
and other systems and assemblies of the aircraft; at the same time,
these flight regimes are unstable by nature and can change very
rapidly. Supersonic aircraft usually have a great many peculiar
features of stability, maneuverability and flying characteristics,
as well as a large number of diverse limitations (with respect to
flying regimes, operational regimes of the engine, etc.) that is
greater than in subsonic aircraft. These factors make additional

demands on the pilot's attention.
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(3) Certain characteristic features of stability and maneuver-
ability (existence of instability during load factor at high angles of
attack, etc.; see Chapter I), as well as specific behavior of the
aircraft under special flight conditions (for example, if the boost-
er systems for control break down).

Under battle conditions, when the pilot cannot watch his instru-
ments carefully and often performs complicated maneuvers, and also
When flying under difficult meteorological conditions, the likeli-
hood of unintentional aircraft stalling 1s increased.

The factors enumerated above increase the likelihood that a

supersonic aircraft will stall. On the other hand, there are many
factors which reduce the tendency of supersonic aircraft (compared
to subsonic aircraft) to stall. The following are the most impor-

tant ones:

Stalling of supersonic aircraft usually occurs much more gradual-
ly under the same conditions than in subsonic aircraft. With a
lack of initial sideslip and essentially equal conditions, supersonic
aircraft stall less "willingly" than subsonic ones. This is explained
primarily by the smooth outline of the curve of the relationship
ey = f(a) in regions of near-critical angles of attack and a reduc-
tion in the values of Cymax> a8 well as by somewhat greater values
for the moments of inertia relative to the longitudinal axis Jg in

supersonic aircraft. In addition, the motion of the control stick
required to attain ¢, 4+ in supersonic aircraft is usually much
greater than in subsonic aircraft. Therefore, unintentional stal-

ling at low (close to or equal to Vyj;,) speeds in rectilinear hori-
zontal flight without sideslip, at relatively low altitudes under nor-
mal operational conditions, is encountered much less o6ften in super-
sonic aircraft than in subsonic ones. These then are the factors
which decrease the tendency of supersonic aircraft to stall.

In view of the fact that the stalling of aircraft at negative
angles of attack occurs relatively rarely (since inverted flight
or as 1%t is sometimes called, "flying upside down'", is a rare oc- /75
currence in normal operational flight of aircraft), we shall dis-
cuss only the cases of stalling in the initial regime of normal
flight, i.e., flight in which the pilot is in a "head up" position
(in contrast to the "head down'" position while "flying upside down')
Later on, when discussing spin, we will show how and under what
conditions a supersonic aircraft can attain negative near-critical
and critical angles of attack.

The following are stalling (or breakdown) characteristics of
aircraft:

(1) Symptoms signaling the onset of a stalling regime.

(2) Minimum flight speeds with different weights and external
configurations of the aircraft, operational regimes of the engine,
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flight altitudes, etc., the values of ¢y 4+ for various external
configurations of the aircraft, Mach numbers of flight, operational

regimes of the engine, etc.

(3) Behavioral characteristics of the alrcraft at large sub-
critical angles of attack, and during a stall.

(4) Techniques of piloting required to avert stalling as well
as to pull the aircraft out of a stall under the usual operational
conditions of flight (the conditions for establishing an operational

flight regime).

Let us consider the characteristics of stalling in supersonic
aircraft. We shall begin with the behavioral characteristics of
the aircraft during a stall (details of its behavior at high sub-
critical angles of attack were discussed earlier, in Chapter I).

(b) VARIETIES OF STALL

As we know, stalling of an aircraft occurs as the result of the
appearance of areas of disrupted flow on the wing at large angles
of attack. It is usually accompanied by dropping of the nose and/or
rolling of the aircraft. Symmetric occurrence and development of
areas of disrupted flow on the right and left wings with increase
of the angle of attack, due to reduction of the 1lifting force of
the wing, causes the alircraft to go into a nosedive. In this case,
ogt is very close to, or equal to, a,n (agt ® a,,). In the case
of highly unsymmetric development of areas of disrupted flow on the
right and left wings, there is an initial tendency for the aircraft
to go into a sideslip, which is then followed by the dropping of the
nose of the plane. A stall of this kind occurs at a_, much less
than agyp (agi<asn). The dropping of the nose of the aircraft in
this instance is due to an upset of the balance of forces acting in
the vertical direction (the 1ift becomes less than the weight of
the aircraft), as well as by the sideslip toward the lower wing which
occurs during rolling (the aerodynamic moment of yaw attempts to
overcome the sideslip and forces the nose of the aircraft downward).

When the angular velocity of roll is nonzero (wy, # 0), the /76
angle of attack along one wing will increase and that on the other
Will decrease. Such an increase in the angle of attack along one
wing during rotation will cause the local areas of disrupted flow
to increase more intensely. In other words, the increase in the
coefficient of 1ift of the aircraft with the increase of the angle
of attack (beginning at near-critical angles of attack) can occur
much more slowly and be accompanied by a drop in the value of agp,
(see Fig. 3.6.). The asymmetric location of the areas of disrupted
flow along the wing, produced by the development of the angular
velocity of roll, leads in turn to a further increase in the abso-
lute value of this angular velocity of roll, etc.

The characteristics of stalling are not only a function of the
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point of origin of the flow disruption (for example, at the tip or
base of a wing), but also of the speed and nature of the develop-
ment of areas of disrupted flow on the upper wing surface. If the
aircraft itself and the flow conditions were ideally symmetric, the
distribution of the areas of disrupted flow would be the same on
both wings and would not cause
the aircraft to roll in a stall.
However, under actual conditions,
there is always some degree of
non-symmetry in the aircraft and
the flow around it, so that there
is consequent asymmetry in the
disruption of the flow, which
leads to the development of roll-
ing moments. If the areas of
disrupted flow on both wings de-
velop symmetrically until the
aircraft reaches angles of attack
close to agy, and asymmetry de-
4 velops only when the transition

to oag 4 takes place, stalling will
Fig. 3.6.: Change in Lifting occur with dropping of the nose
Capacity of an Aircraft During and practically simultaneous
Rotation (Areas of Disrupted rolling of the aircraft (simul-
Flow on the Upper Surface of taneous rolling and pitching mo-
the Wing are Shaded). ments of high amplitude). In

this case, agy < @

Cy

cr:*

The latter form of stall also usually occurs in supersonic air-
craft. It is caused by the non-symmetric origin and development
of areas of disturbed flow on a wing with a large sweepback angle
and short length, so that at high speeds the distribution of the
disruption over the wing usually causes the development of rela-
tively large rolling (as well as twisting) aerodynamic moments As
a result, the plane enters a spiral trajectory, or a tailspin .

The occurrence of relatively high rolling and twisting moments
at high rates of distribution of areas of disrupted flow over the
wing is explained as follows. Let us say that an area of disrupted
flow appears earlier on the right wing than on the left. Due to the
high rate of propagation, this area of disrupted flow expands
rapidly and soon may occupy a large part of the right wing, while
on the left the area of disrupted flow has not yet arisen during
this brief time interval. As a result, the 1ift of the right wing
decreases considerably., while its drag increases significantly.
Hence, despite the relatively small size of the wing, supersonic
aircraft generate relatively greater aerodynamic moments, which are
caused by such nonsymmetric distribution of areas of disturbed flow.
There is a rolling moment (on the right wing, in the case described
above) and a twisting moment (in the direction of the right wing).

However, the angles of roll which are developed during stalling
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of aircraft with sweptback wings are relatively smaller in absolute
value than for aircraft with wings that are not swept back. The
latter phenomenon 1s related to the appearance of large moments of
recovery from rolling, caused by an increase in the degree of 15+-
eral static stability of aircraft with sweptback wings large angles
of attack and inhibition of the development of a rolling motion.

(¢) EFFECT OF SIDESLIP

In supersonic aircraft with sweptback or delta wings, even a
slight degree of sideslip can have a significant effect on the shape
of the curve ¢y = f(a). In subscnic aircraft with wings at right
angles to the fuselage, this effect is much less pronounced (Fig.
3.7.). This explains the fact, well-known from practical flying
experience and flight testing, that aircraft with swept-back wings
Can stall at angles of attack smaller than agy in aircraft with the
wings at right angles to the fuselage, regardless of the fact that
the critical angles of attack (in the presence of skidding) are
Usually much greater in the case of the former type of aircraft.

The much greater effect of sideslip on the aerodynamic character-
istics of the sweptback wing 1s due primarily to the fact that the
nature of the flow around it (distribution of pressure over the
wing) is much more subject to external influences than is the case /78
for wings at right angles to the fuselage. The increased sensitiv-
ity of the sweptback wing to external influences is related to an
important characteristic of its flow: the shift of the boundary
layer spanwise toward the wingtips. This leads to a swelling of
the boundary layer at the wingtips and consequently to the appear-
ance of areas of slightly compressible or even incompressible flow.
Hence, even relatively weak external influences can lead to signi-
ficant changes in the flow picture.

In addition, the occurrence of sideslip is accompanied by changes

C:” |

Cymax

o [»4

st cr

Fig. 3.7.: Effect of Sideslip on the Shape of the Curve ¢y = fCa).
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in the effective length and effective sweepback of the right and
left sweptback wings. This produces extensive changes in the aero-
dynamic characteristics of both wings (see Chapter IV).

(d) THREE FORMS OF THE CURVE cy = f(a).

The behavior of an aircraft in a stall is determined mainly by

the nature of the relationship e, = f(a) at angles of attack o >
0¢gt. The more sharply the slope of this curve changes with the
angle of attack (the partial derivative ay = d9¢y/090), the

more abruptly the aircraft goes into a stall. he curves ¢, = f(a)

©f various aircraft can be divided into three types on the basis of
the abruptness of the change of the derivative a, in the region of
Near-critical angles of attack. Here are their characteristics,
listed separately (Fig. 3.8.):

(1) The presence of a clearly pronounced maximum in the curve
e, = f(a) with an intense variation (not abrupt, but rather smooth) 79
in the coefficient of 1ift with a transition to critical angles of
attack.

(2) The presence of a sharp maximum, with a very steep (prac-
tically vertical) drop in the coefficient of 1ift when the critical
angle of attack 1is exceeded. In this case, the derivative a, re-
mains practically constant over the entire range of subcritical
angles of attack.

(3) The absence of a clearly marked maximum in the curve ¢, =
f(a), when the values of the coefficient of 1lift are relatively
close to ¢y gax over a wide range of near-critical angles of attack.

CIT C].‘\
l 7

Fig. 3.8. Three Types of the Curve ey = Fla).

The curve of ¢, = f{a) of the first type is characteristic of
subsonic aircraft, while the third type is typical of supersonic
aircraft. The second type is encountered in old subsonic aircraft,
with relatively thick wings at right angles to the fuselage.

The much smoother appearance of the curve ¢, = f(a) in the
vicinity of the maximum and the smaller values of Cymax for super-
sonic aircraft are due mainly to the relatively short wings as well

as to their relative thimness.
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Shorter wings are more prone to the occurrence of early flow
turbulence; small local areas of turbulent flow occur on them much
earlier (at angles of attack which are much smaller than in the
case of long wings). In addition, the yploading peaks on the upper
surface of a wing of this type are smaller. Therefore, when devel-
oped areas of disrupted flow appear and the unloading peaks men-
tioned above (which are related to them) disappear, the pressure
differential (change in the resultant aerodynamic force of the wing)
is no longer as great, and takes place more evenly, then in long wings.

The ratio of the perimeter to the area of the wing, in the case
when the latter is short, is greater than when it is long. Hence,
in short wings the effect of flow at the edges on the nature of
flow over the entire wing, increases. This produces a drop in the
negative pressure peaks and an additional (but important) gradual
drop in negative pressure on the upper surface of the wing as the
angle of attack increases. Thanks to the small peaks of negative ng
pressure, the earlier and more intense turbulence of the flow, and

the smaller pulsations, the flow over shorter wings is more stable
when the angle of attack increases. Therefore, a complete (or

nearly so) disruption of flow on a short wing (with appearance of
developed areas of disrupted flow, occupying practically the entire
wing, or in any case a large part of it), is involved and arises

at much greater angles of attack.

(e) ABRUPTNESS OF STALL

The more abruptly stalling occurs, the more dangerous it is,
since the pilot has less time to combat the stall and keep the plane
from going into a spin. It is also perilous because the aircraft
loses its customary attitude during the stall and assumes attitudes
which are not permissible in normal flying operations; this is
especially true for aircraft that are not highly maneuverable, and
becomes more of a problem as the abruptness of the stall increases.
The abruptness of the stall, i.e., the intensity of the occurrence
of the involuntary motion of the aircraft after the angle of attack
dgt has been exceeded in the initial portion of this motion is
characterized by the maximum attainable absolute value of the angu-
lar acceleration of rolling egpayx = Wxpayx @nd the maximum absolute
value of the angular velocity of the roll which then arises, wgppoy-
These are the two most important characteristics of stalling.
Besides these, stalling is also characterized by the absolute values
of the maximum angular velocity of yaw w,max and the maximum angular
acceleration of yaw eypgx = Oymax- These four parameters determine
the operating conditions to a considerable degree, as well as the
possibility of orienting the pilot in a dangerous regime that

evolves rapidly.
The average absolute values wgpay and €xpax ©f old and modern

aircraft, obtained on the basis of data from their flight tests at
altitudes on the order of 5 to 8 km, are compared in Table 3.2.
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‘hese values were obtained with the control surfaces set for a stall
elevator deflected completely upward, rudder turmed fully in the
.irection of the turn), and neutral ailerons. The materials in the
_able confirm the fact that the stalling of supersonic aircraft
nder comparable initial conditions actually occurs more smoothly
han in subsonic aircraft. We will show later on that the values
‘xmax and especially Wgypax can vary within wide limits in one and
‘he same aircraft, depending on the initial flight conditions.

In Figure 3.9, the strip charts from flight recorders aboard a
:ubsonic MIG-9 and a supersonic MIG-21, showing data obtained during
*light in a stall with further transition to spin, are reproduced
‘or comparison. In both cases, the aircraftsideslip to the right /81
'nd the nose vawed to the right as well. Approximately 3.5 seconds
ifter the beginning of the stall, the MIG-9 (see Fig. 3.9,a) reached
‘he maximum absolute angular velocities of roll and yaw wpmpax =~ 2.65
‘ad/sec and |wypax| 0.7 rad/sec. In the case of stalling of the
1IIG-21, (see Fig. 3.9,b) values of wgpgx =~ 0.65 rad/sec and lwymax|
= 0.45 rad/sec were reached approximately 4 sec later.

TABLE 3.2
{AXIMUM ANGULAR VELOCITIES AND ACCELERATIONS IN STALLING OF VARIOUS
AIRCRAFT
. of stall Im"'marl [exmaxl
Alrcraﬁ - ~ rad/sec rad/sec2
UT-1 0.85 0,65
Yak-T 1.8 162
Yak-9B 1.4 1.1
P-39("aircobra') 2.0 2,2
LAGG-3% 1.5 1,3
LAGG-3%%¢ 0.9 0.85
ULA-7 07 1.45
ULA-T7%%% 1,1 1.5
LLA-9 1.5 0.6
LA-11 1.9 1.3
MIG-9 2.6 1,05
MIG-15 120 0.65
MIG-17 0.9 0,9
MIG-19 0,8 0,75
MIG-21 0,5 0,38
*without flaps *¥with flaps **¥with flaps closed

As we have already mentioned, stalling in supersonic aircraft
1sually causes them to describe a spiral. This means that during
_.he first seconds after the stall begins, there arises a moment of
siteh which tends to raise the nose of the aircraft somewhat (in
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the example shown in Fig. 3.9,a the angular velocity of the pitch

was positive for approximately 5 seconds after the stall began: ¢
~5 to 9 sec), after which time the diving moment made its appear-
ance (in Fig. 3.9,a |wgpax|®™ 0.55 rad/ sec at t = 8 sec).

For an approximate estimate of the ratio of the values of the
angular acceleration in a stall of this kind, let us examine the
qualitative picture of the change in the aerodynamic forces and
moments acting on an aircraft in this regime.

When relatively extensive areas of disrupted flow appear on the
wing, the vector of the resultant aerodynamic force of the aircraft
increases somewhat at first, then decreases and shifts toward the
rear along a chord. The initial increase in the resultant aerocdy-
namic force is caused by the increase of its coefficients with an
increase in the angle of attack, while further decrease is due to
the interruption of the increase of aerodynamic coefficients and a
drop in the flight speed as a result of the rise in the value of
the coefficients of vertical (¢y,;) and tangential (egy) aerodynamic
forces with the angle of attack in the case of an aircraft with
sweptback wings is given in Figure 3.10.
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wy |, e /) A "'7_|L 7;_}_‘_ T q\’f‘rdf /_ll
rad/sec_ﬁ_k%j_r%+{ _} : ;%Ajw NN &AW R
Rl I--"[ r-‘ - aé/se I ~ iy _)i\ ‘\
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Beginning of stall /"1 b
a

Fig. 3.9: Stall with Transition to Spin in the MIG-9 (a) and MIG-
21 (b).
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Let us represent the vector of the resultant aerodynamic force

before the stall, i.e.4 before the appearance of developed areas
of disrupted flow) by R (its components in a system of axes with /
the goordinates X and Y, related to the aircraft). Let us also
use Fgt+ to represent the same value after the stall, i.e., after
disruption of the flow has occurred (its components are Xgt and
Yst). We can represent the dlfference bgtween these vectors as
follows: ARg¢ (AX gy AYgye) = B(x; Y) - R (X_.5 Yg+). The vector

st usually forms a small angle with the vértical to the plane of
the wing chords, so that its components along the axes of the sys-
tem of coordinates related to the aircraft satisfies the inequality

X5y < Vst
7 Cxy
2
The tangential and vertical
p arl forces (nye and Ny s respectively)
. acting on the aircraft during a
\ stall with the engine cut out
0 - L L 1 1 _ >
50 oo’ 50 o0 (P = 0) will be equal to
deg deg
01t N X
| ’h==7?h<0,
Fi . : ", = ),,,St_ 0
ig. 3.10.: Change in Coef- u 0 >0,

ficients of Vertical and Tan-

gential Aerodynamic Forces-

(cy, and cgy) with the Angle

of Attack in Aircraft with so that |ng] < ny.
Sweptback Wings.

With a symmetric disruption
of flow, the aerodynamic resultant shifts along the axis oz, to the
value 23. This causes the appearance of the aerodynamic moments of
roll Mgpgt = Yg¢21 and yaw Myst = Xst21’ constituting the angular
accelerations of roll and yaw

”"'St )St
O —== =
X A Jx jx
and
Aust X512y
ey = U)y = == =
1y Jy
Since Jy > J, in supersonic aircraft, and Y ¢ » Xo ¢, then /
|5x| >> |sy| in a stall. In this case, the motion of the aircraft

is an intense rolling in the direction of the wing with the more
developed (or, more exactly, greater in area or displaced further
toward the wingtip) area of disrupted flow and a relatively less
intense yawing of the nose of the aircraft in the direction of
the same wing. The increase in the moments of inertia relative to
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the vertical axis J, in supersonic aircraft has led to a significant
reduction in theilr angular acceleration, and consequently in the
angular velocities of yaw or stall as well (as compared to subsonic
aircraft).

R Rst Yy o 4V
/‘Ts.t 'l center }—;s,t
of gravity
e SN S g ey
K
Fig. 3.11.: Diagram of Forces Acting on an Aircraft During a Stall.

We can use the diagram in Figure 3.11 to estimate the degree of
angular acceleration of pitch. Prior to the stall, the aircraft is
subject to the aerodynamic moment of pitch, which is equal to the
product of the vertical component of the resultant aerodynamic
force times the distance from the point where it is applied to
the center of gravity of the aircraft Y,. After stalling has be-
gun, the aircraft is subject to the resultant aerodynamic moment of
pitch, equal to the product of the force Y 4+ times its arm: Yot
(x + x1). The increase in the arm of the acting force in the second
case 1is explained by the shift in the vector of the resultant aero-
dynamic force toward the rear along the chord after the aircraft
has begun to stall. Hence, when the stall begins, the aerodynamic
moment of pitch which was acting earlier on the aircraft changes
in value:

AMzst=}’x~YSt(x+xl)= AV X — Y %y,

The increase of the moment of pitch to AMg .+ will change the angu-
lar acceleration of the pitch to the value

[C)

== AMagt  AVgpr—Yoprr
7, 7,

Z

At AYg¢ < 0, which is usually the case when stalling has developed

(due primarily to the loss of flight speed) and even at AY 4 > O,

if only |Ygtx1| > ]AYStx|, the aircraft has a tendency to drop its

nose in the stall. We mentioned earlier that at the beginning of

stall we usually have AYgy > 0. If we then have |Ystx1T < lAYStx|, /8
the aircraft then raises its nose at the start of the stall, and

it is only later (when the sign of AY_ y changes) that a tendency to
dive develops. Usually J5; > Jz, while || < |zll, so that as a

rule Iszl < |€x| during a stall.
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In aireraft with highly swept wings, which do not have special
anti-turbulence fittings, the disruption of flow which arises at
the wingtips, being located far behind the center of gravity of the
aircraft, can lead to a shift of the resultant aerodynamic force
forward, to an extent which may be so great that it is even shifted
ahead of the center of gravity. In this case, it is possible to
have the production of high values of e, (angular velocities of
pitch) due to the development of instability in the aircraft during
stress at large angles of attack (see Chapter I).

In the example given above for the stalling of a supersonic
aircraft (see Fig. 3.9,b) the average values for the angular ac-
celerations were as follows:

£x~0.38 rad/sec?,
gyz——o 12 I‘ad/secz,

i.e., we actually have |€x| »>leyl. The mean angular acceleration
of pitch iIn this case was originally directed toward raising the
Nose of the aircraft and amounted to ez = 0.12 rad/sec2 but then
the value e changed sign and became €z =~ -0.24 rad/secé. Hence,
in this example we also have |eg| < |eg]|*

(f) EFFECT OF WING SHAPE AND POSITION OF THE AXIS
OF ROTATION OF THE AIRCRAFT

The effect of the wing shape at the point where the areas of
disrupted flow develop can be illustrated clearly by the experimen-
tal data of Prof. B.T. Goroshchenko, which are listed in Figures
3.12 and 3.13, These graphs are schematic representations of the
areas of disrupted flow on trapezoidal and sweptback wings. The
graphs show the changes in the coefficients of 1lift of wing sec-
tions ¢ygec in amplitude (dashed lines on the graphs) for two values
of the angle of attack of the aircraft: a1 and ap (ap > aj1). Also
shown are the values of the coefficients of 1lift of wing sections
Cysec in which flow disruption arises in the section under consider-
a%ion. It is clear that flow disruption occurs on the wing in that
section in which the value of Cysec first becomes equal to Cyst-
We can see from the graphs that the increased tapering of the wing
and the effect of giving the wing a sweptback shape permits shift-
ing the areas where flow disruption occurs toward the wingtips.

With the appearance of developed areas of flow separation on
the wing at subcritical angles of attack, the curve of ¢, = f(a)
for an aircraft with sweptback wings can sometimes have the shape
shown in Figure 3.14. In this case, beginning with the angle of
attack of the aircraft o = Adrop* the slope of the curve ¢, = f(a)
decreases significantly the so-called "drop" appears in the curve),
i.e., the influence of the flow separation considerably reduces the
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carrying power of the wing. However, beginning with an angle of

attack a = a;, as a result of local stabilization of areas of /87
stall the carrying power of the wing again improves somewhat
and the slope of the curve ¢, = f(a) increases. 1In such cases, the

value O0gpops» determined from the point where the curve begins to
drop, is tEe limit of the operational range of positive angles of
attack of the aircraft.

However, this usually means that the angle of attack of the
stall ogt is much less than a,,, so that in flight with zero roll
velocity and no sideslipping, it is practically impossible for the air-

craft to attain Cymax (except when carrying out maneuvers at a high

initial value of &4 > 0). This is explained by the fact that the
nose of the aircraft rises simultaneously with the start of the
stall (when the aircraft attains e s ). Even with the control

stick pulled all the way back, the angle of attack of the aircraft
still does not increase until the angular roll velocity of the leading
edge develops during the stall, creating an increase of the

local angles of attack on the descending wing (for details, see Chap-
ter IV). Rolling of the aircraft also leads to sideslipping. It is
only as the result of the development of an angular roll velocity

wpe # 0 and a sideslip angle 8 # 0 (in the first case in question)

that it is possible for the aircraft to attain first the critical

and then the supercritical angles of attack.

In connection with the significant increase in the mass dis-
tribution along the longitudinal axis of the fuselage and the cor-
responding increase in the moments of inertia of the aircraft J,,
the rotation of supersonic aircraft in a stall occurs relative to
an axis close to axis oxi, related to the aircraft (see Chapter I).
In stalls involving subsonic aircraft, the axis of rotation is
located closer to the axis of the vector of the flight speed. This
leads to an abrupt change in the angles of attack and sideslip during
a stall, and hence to the appearance of a much less uniform (more
oscillatory) motion of supersonic aircraft in this regime.

(g) WARNING BUFFETING AND SHAKING OF THE AIRCRAFT

The warning (or as it is sometimes called, the aerodynamic)
buffet which 1is felt when the aircraft goes into a stall is of
extreme importance to the pilot.

The warning buffet is very evident to the pilot, who feels 1t
as a shock to the structure of the aircraft or as a shaking of in-
dividual parts of it, caused by the appearance of pulsating aero-
dynamic forces when stall occurs. In subsonic aircraft, transition
to Cyst usually is accompanied by the appearance of warning buffets,
since there is a considerable difference between the values of ¢ 3
and ¢yst. The values of ¢yj and ¢ygt¢ in supersonic aircraft in a
stall from minimum (or nearly so) flight speeds (low Mach numbers, /88
7 ~ 1), are usually very close to or even equal to each other. -
Tﬁe intensity of the warning jolting in supersonic aircraft in case
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of stalling in such flight regimes 1is usually slight. At low ini-
tial flight speeds (Mach numbers), sometimes even the transition

to cyst fails to cause enough of a buffet to the structure so that e
the pilot feels it, i.e., the warning buffeting is completely ab-
sent.

When supersonic aircraft with sweptback or delta wings enter
transitional regimes, there 1is usually a rocking of the aircraft
from one wing to the other (transverse oscillation), followed by
rolling to one side. Sometimes these transverse oscillations are
accompanied by oscillation of the aircraft along its flight path,
associated with a deterioration of the characteristics of lateral
stability with an increase in the angle of attack of the aircraft,
as well as by the influence of pulsating aerodynamic forces, caused
by the appearance of local areas of stall.

With entrance into a stalling regime with low initial Mach
numbers and load factors (ny,. =1), these oscillations arise at values
of the coefficient of 1ift of the aircraft which are less than Cyst
(usually by 15 to 20%), and take the form of slight periodic os-
cillations of the aircraft from one wing to the other with maximum

angular roll velocities of the leading edge on the order of w, = %3 to
5 degrees/sec. This rocking of the aircraft persists until the
Stall begins. Usually the value of ¢ in such aircraft is chosen

¥

. . er . . .
to correspond to the beginning of thesg oscillations (in the ab-
sence of any other kind of limitations on the operational range of
the values of the coefficient of 1ift).

3.3. Effect of Initial Conditions on the
Characteristics of Stalling

A1l stalling regimes can be divided into three groups on the
basis of the initial conditions: stalling at a minimal (or nearly
so) speed of rectilinear horizontal flight, stalling at V >>
Vinin in a coordinated (Bg = 0) vertical maneuver, and stalling in
an arbitrary maneuver in space (in the general case at Bp # 0 and

Qg # 0).
(a) LOSS OF SPEED

Stalling from an initial regime of coordinated rectilinear
‘horizontal flight when Vinst = Vmin (nyo ~ 1) can occur as the re-
sult of smooth braking of the aircraft with a relatively slow back-
ward movement of the control stick, i.e., with a gradual and slow
braking to a minimum velocity (until the aircraft reaches Cyst).
Such a motion of the aircraft is called speed loss (Fig. 3.15), the
strip charts from flight recorders). In this case, the braking of /8
the aircraft was accomplished with a neutral (initially balanced)
position of the rudder and ailerons.

In a stall of this type, supersonic aircraft do not usually go
into a spin spontaneously. Movement of the control stick forward
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from a neutral (or nearly so) position immediately after such a
stall, as a rule, sends the aircraft into a dive, i.e., with complete
restoration of normal maneuverability of the aircraft. Some super-
sonic aircraft do not enter a stall regime even when the control
stick is moved all the way forward in the original flight regime
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Fig. 3.15: Stalling of Aircraft as a Result of Loss of Flight Speed.

under consideration., During the initial sideslip (By # 0) the stall

with Vipgt ~ V3, occurs much more rarely and as a rule leads to a
subsequent entrance of the aircraft into a spin.

(b) STALLING DURING COORDINATED MANEUVERS. /80
A stall in a coordinated vertical maneuver (nyg > 13 85 = 0),

i.e., a stall at relatively high instrument flight speeds (Vi g¢ >
Vmin) without sideslip occurs very much less often than in the case
of loss of speed (data on flight tests are presented in Fig. 3.16).
This is explained by the high aerodynamic forces and moments acting
on the aircraft at high instrumental flight speeds (reference pres-
sures). A stall of this kind occurs when the control stick is ma-
nipulated in a coordinated vertical maneuver with the rudder and
ailerons in the neutral (initially balanced) position.

Depending on the initial conditions, the values |mxmax| and
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Iexmaxls as well as Iw maxl and leymaxl in the case of stalling of

a given aircraft can vary within very wide limits. In the presence

of an dinitial load factor nyg »> 1, i.e., in the case of a stall at high
instrument speeds, these parameters increase significantly (Table

3.3), due mainly to the increase in the aerodynamic moments of roll

and yaw caused by the increase in raference pressure.

TABLE 3.3
EFFECT OF INITIAL LOAD FACTOR ON STALLING CHARACTERISTICS (H, 6

TO 7km).
talli >
N chglxgacter- Ilmx'“”‘ I‘&d/s»eﬁc_ lsxmax‘ rac-l-/sec

istics
Ajrcraft n,, =1

n_vaz_Q,S -3,0 ny, =1 nyon,S -3,0

0

MIG-21 0 65 17 038 20

MIG-19 08 t 20 0 75 27

The greater the initial Mach number when stalling occurs (i.e.,
the greater the flying altitude at a given instrumental rate of
Stall), the sooner the warning buffet wusually occurs and the greater
is its intensity. In supersonic aircraft, it often happens that
at very low (practically zero) initial Mach numbers, the warning
buffet is absent; however, as the initial Mach number increases,
the buffet appears and becomes really quite intense in the case of
a stall at sonic speeds.

In general, as far as supersonic aircraft versus subsonic air-
craft are concerned (with the same initial flight regime), the in-
tensity of the warning buffet is much less. This is caused by the
Smaller pulsations of pressure in the flow over the relatively
short wing, as well as by the higher rigidity of the construction
of this wing. An intense buffet occurs when the frequenciez of the
aerodynamic pulsations (pressure pulsations) and the first harmonic
of the bending vibration of the wing coincide.

The frequency of aerodynamic pulsations usually amounts to 3 to
8 oscillations/sec. The frequency of the first harmonic of the
bending vibration of the wing in subsonic aircraft is usually within
the limits of 5 to 7 oscillations/sec. In supersonic aircraft, the
wing is much more rigid, due mainly to its reduced length and more
massive construction, selected to ensure the required characteristics
of aeroelasticity in flight at very high supersonic Mach numbers and
velocity heads. Increase in the rigidity of the wing has led to an
increase in the frequency of its natural vibrations. The frequency
of the first harmonic of the bending vibration of the wing in super-
sonic aircraft is about 8 to 11 oscillations/sec.
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Figure 3.17 shows an example of the change in the coefficients
of force with Mach number. The graph shows clearly the character-
istic increase in the difference Acy- = Cygt Cys with increased
Mach number. At low (near-zero) Mac% numbers, t%e value Aec, .., as
we have already pointed out, is usually very small or even egual to
Zero. At near-sonic speeds, Ae,s; can reach 20 to 30% of ¢ st - It
is desirable for the value Ac 3 ot to be equal to zero (to form
in the aircraft a natural sys%em of signaling the pilot that the
aircraft was approaching a near-critical angle of attack), and also
that it not be too large (the latter leads to an excessive drop in
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Fig. 3.16: Stalling of an Aircraft at High Instrument Flight Speed
During Vertical Maneuver.
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the range of maneuverability of the aircraft in the course of its /92
normal operation).

The values c¢,gt and especial-
ly ¢,,= themselves” decrease con-
siderably when the Mach number
increases. Thus, for example,
when the Mach number increases
from near-zero to near-sonic values,
the value of c¢yg+ can decrease by
25 to 35%. A decrease in ey 5 is
usually still more considera%le.

As the Mach number increases due

0 1 By to the decrease in effectiveness
of the longitudinal control, the
Fig. 3.17: Example of the values of the coefficient of 1lift
Dependence of the Coefficient also decrease, when the aircraft
of Lift upon the Mach Number can be stabilized (at moment Mz)
in Supersonic Aircraft. with full deflection of the control
stick backward; this is the maxi-
mum value of ¢, which can be at- /93
tained at supersonic flight speeds, usually designated by the sub- -
script "é6": ¢,.. The value of ¢ depends on the flight alignment
of the aircraft: a shift of the cénter of gravity forward (increase

of the degree of longitudinal static stability of the aircraft
under stress) leads to a decrease in Cygo and vice versa.

(e¢) STALLING IN UNCOORDINATED MANEUVERS

The most abrupt and non-uniform variety of stall is that which
occurs at high instrument speeds and initial sideslip (especially
with rotation) of the aircraft; this is the third group of stalling
regimes. In this case, besides the influence of the high instru-
ment speed and Mach number, important roles are also played by the
asymmetry, inequality and instability of the flow over the aircraft
in the initial regime (at Bp # 0, wgo # 0, wyg # 0). Frequently,
during a stall in an improper (uncoordinated) banking maneuver
(rig. 3.18), because of the drop in the resultant aerodynamic force,
its vertical component also decreases. As a result (due to the
existence of an initial roll angle yg # 0) in the case of stalling,
for example, in a left bank), a sideslip develops toward the left (in-
ner) wing, which leads to a reduction of the effective sweepback
angle of that wing and consequently to a certain increase in its
lift.

The inward sideslip produces an increasingly intense stalling
on the outer wing (its effective sweepback angle increases).
All of this leads to a change in the direction of rotation and a
sudden stalling of the aircraft, so that it sideslips toward the outer
wing (in this case, the right wing). Thus, stalling during a bank-
ing maneuver as a result of moving the control stick too far has a
sharply pronounced oscillatory character and involves a change in
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Fig. 3.18), the gyroscopic moment of the turbojet rotor (rotation
of the engine rotor to the left) with wgz > 0 tended to force the
nose of the aircraft toward the left during the stall, i.e., it
promoted the occurrence of a sideslip to the right (outward).

(d) CHANGES IN THE ANGULAR VELOCITY AND ROLL
ANGLE DURING A STALL.

Changes in the angular velocity of rolling with time during
stalling of an aircraft are of two main types:

(1) With variations of the angular velocity of the roll at
which (in the process of stalling) not only its absolute value
changes but even the sign as well (Fig. 3.19,a).

(2) Practically without variations or with variations of the
angular roll velocity at which the sign does not change (see Fig.
3.19,b).

In the first case, there
wr 4 “
of the roll angle (the aircraft

J "rocks" from one wing to the

o
other). As mentioned above,

g

presence of an initial roll or
sideslip (yg # 0, By # O, nyo >

ly observed during stalling of
AZCjixcflf an aircraft in random maneuvers
o 0 in space, particularly in the
1
a

continuously from one side to
Fig. 3.19: Two Types of Change the other, right from the start
in Angular Velocity and Roll of the stall. This corresponds
Angles in the Stalling of an to stalling from loss of speed.
Aircraft.

3.4. Stalling at High Supersonic Speeds and at the
Dynamic Ceiling

(a) STALLING AT SUPERSONIC MACH NUMBERS

Regardless of the impossibility of the aircraft's attaining
eyst at high supersonic flight speeds, even in the case of a com-
p%ete deflection of the control stick backward when carrying out
coordinated maneuvers (¢ s < Cygys see Fig. 3.17), it is still
possible for the aircraf¥ to stall at Mach numbers greater than 1.

The fact that an aircraft can stall at high super-sonic Mach numbers

is due primarily to two causes. In the first place, the decrease
in the degree of static directional stability of the aircraft

80

can also be a change in the sign

a picture of this kind is usual-

1). In the second case, the roll
b ¢ angle during the stall increases

steadily, and the aircraft rolls
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at M > 1 means that large sideslip angles can develop, as a result of
which (due to the appearance of unsymmetric flow) stalling can oc-
cur at values of e, which are much smaller than ¢ in the case
where B = 0. An eXample of an aircraft stalling in such a regime

is given in Figure 3.20. 1In this case, the stall which occurred

as the result of the asymptotic increase in sideslip (Mgmax 1.6

at time ¢t =~ 19 sec in Fig. 3.20) produced by the loss of directional
stability, occurred very abruptly, so that the pilot did not succeed
in overcoming the subsequent transition of the aircraft into a

spin.

In the second place, at high supersonic Mach numbers, due to /96
the decrease in the degree of static directional stability of the
aircraft, it is possible to have abrupt occurrence of an interaction
between the longitudinal and lateral motions of the aircraft (see
Chapter I). As a result of the aerodynamic and inertial interaction of
the motions, there may arise unintentional stresses when the air-
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Fig. 3.20: Stalling of an Aircraft (¢ = 18 sec) at High Supersonic
Mach Numbers as the Result of a Decrease in the Directional SHability
and Subsequent Transition to a Spin.
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craft attain ¢yg+. An example of this situation in flight is shown
in Figure 3.21. It is clear from the graph that the stall was

accompanied by the appearance of high absolute
vertical and lateral), and by marked oscillation of the aircraft.

(b) STALLING AT THE DYNAMIC CEILING

Flight regimes at the dynamic ceiling have great significance
and special characteristics in supersonic aircraft. As a rule,
there are no basic differences between the behavior of the aircraft
in a stall at the dynamic ceiling and a stall at high (but not dy-
namic) altitudes (not above the static ceiling). However, the pre-
disposition of an aircraft to stall is greater at the dynamic ceil-
ing, due mainly to the considerable drop in flight speed which oc-
curs and to the decrease in the degree of aerodynamic damping (see
Chapter I).

With approach to the stalling regime at the dynamic ceiling,
the vibrations of the aircraft (especially its oscillation from
wing to wing) increase markedly and begin at higher instrument
flight speeds, but the stall itself usually proceeds more sluggishly.
This is because the aerodynamic moments of autorotation, as well
as the aerodynamic moments of roll damping at subcritical angles
of attack, are proportional to the density of the air. Hence, the
stalling of an aircraft at lower altitudes (under nearly the same
conditions) usually takes place much more abruptly. An example of
the stalling of an aircraft at the dynamic ceiling is shown in
Figure 3.22. It is particularly clear from the graph that the
stalling of the aircraft occurred at a velocity Vi, g+ = 200 km/hr,
while transverse oscillations of the aircraft had already occurred
prior to stalling, at a velocity of Vinst ~ 500 km/hr.

Stalling at the dynamic ceiling, as at any other altitude, can
send the aircraft into a spin. In this case, the aircraft can be
pulled out of the spin only at much lower altitudes (relative to
the altitude where the stall began), since the aerodynamic surfaces
dre relatively ineffective at dynamic altitudes. This fact is not
dangerous from the standpoint of the altitude reserve. However,
Such a prolonged period of spin at high altitudes means that the
Pilot must be exposed for a long period of time to a state of con-
tinuous and highly unsteady rotation of the aircraft (about which
more will be said later on), thus making it harder for him to work
and orient himself, and it may make him feel i11. This means that
the pilot must operate very skillfully when flying at the dynamic
ceiling.

Flying practjce and analysis of flight accidents shows that
stalling of aircraft at dynamic altitudes can occur for two basic
reasons:

(1) Instability of the aircraft under force at high angles
of attack.
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(2) Appearance of yaw, caused by the action of the gyroscopic
moment of the engine rotor when the angular velocity of pitch is
attained.

(3) Loss-of stability by the aircraft under the influence of
inertial and (to a lesser degree) aerodynamic interaction of its
longitudinal and lateral motions.

The possibility that an aircraft will reach dynamic altitudes
is related to the conversion of kinetic energy, which it has stored
by acceleration at lower altitudes, into potential energy; i.e.,
there is an unavoidable loss of flight speed when climbing vertical-
ly. Consequently, flight at the dynamic ceiling and altitudes near
it, where the aircraft possesses a large amount of potential energy
accumulated by consumption of a large part of its kinetic energy,
occurs at very low instrument speeds and reference pressures.

Low velocity heads reduce the effectiveness of aerodynamic con-
trol devices and cause deterioration of the stability characteris-
tics of the aircraft. Hence, in order to increase the safety of
fl1ight at these altitudes, it is necessary to fly at very small (in
absolute value) angles of attack so that the normal load factor will
usually be close to or even equal to zero (see, for example, Fig.
3.22, t ® 330 to 350 sec). Therefore, the absolute values of the
aerodynamic forces and moments acting on the aircraft under such
flight conditions are small, but this means that their effect on
the flight dynamics will also be much weaker than at static alti-
tudes (not above the static ceiling). The latter is an additional
argument that flight at dynamic altitudes, especially when climbing
vertically, must be performed at small angles of attack: an in-
crease of+ the aerodynamic 1lift of the aircraft with an increase in
the angle of attack has practically no effect on the nature of the
flight trajectory, which essentially forms a ballistic curve, i.e,
it gives practically no advantage with respect to the wvalue of the
dynamic ceiling, and can only promote creation of a stall.

An analysis of data from flights at the dynamic ceiling and
the results of analog modeling of such regimes on electronic com-
puters shows that in this case the inertial forces and moments pre-
vail over the aerodynamic ones. However, owing to the low angular
velocities of the aircraft's rotation in flight at altitudes equal
to or close to the dyndmic ceiling (in the upper part of the climb),
the effect of these forces and moments of inertia on the flight
dynamics can still be only secondary relative to the effect of the
gyroscopic effect created by the moving parts of the engine.

Therefore, the physical picture of the stalling of an aircraft
at dynamic altitudes usually resembles the following: As we have
already seen, the small size of the aerodynamic moments at such
altitudes make it possible to attain only relatively low angular
velocities of rotation in the aircraft. However, even the forma-
tion of such an angular velocity of pitch can lead to the appearance

8L
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of relatively large gyroscopic moments of yaw. These moments arvre
produced by relatively large polar moments of inertia in the turbo-
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Fig. 3.22: Stall at the Dynamic Ceiling.

jet rotors of modern supersonic aircraft, and the high revolution

rate of engines at such altitudes, even when operating them in low- /101
gas situations and with autorotation, they cause the appearance of
angular velocities of yaw such that there may be a rather strong

inertial interaction between the longitudinal and lateral motions

of the aircraft. The latter can also lead to the aircraft going

into a stall.

Factors which promote stalling also include sideslip caused by
the gyroscopic mcment of yaw, and poor damping of the free longi-
tudinal and lateral oscillations of the aircraft at high altitudes
where the aircraft, to use the pilots' picturesque expression,
"doesn't sit right in the air." Any external influence or a more
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or less vigorous movement of the control surfaces at these alti-
tudes leads to persistent oscillations of the aircraft which occur
at relatively high amplitudes.

The initial angular velocities of pitch, which serve as the
original cause of such a motion of the aircraft, may be induced by
a sudden movement of the control stick. If an aircraft is subjected
to unstable load factor at large angles of attack, and if it achieves
these angles of attack as a result of an impulse given to the ele-
vator, unintentional pitching may occur. Motion of this type may
occur quite rapidly and at dynamic altitudes, with the additional
effect of the gyroscopic and inertial moments (even at relatively
low initial rotation of the aircraft).

Here is one example of stalling at the dynamic ceiling which
led to the aircraft's going into a spin at these altitudes.! A
Student by the name of Smith, at the Test Pilot School at Edwards
Air Force Base in the United States, flying an NF-104A (a modified
USAT Lockheed F-104A "Starfighter" intended for training astronauts
under conditions of weightlessness), was performing a scheduled
training flight at the dynamic ceiling. He had to gain an altitude
of 27,450 meters while climbing steeply. At an altitude of 25,300
meters (near the top of his c¢limb), a sudden movement of the con-
trol stick away from him created a negative angular velocity of
pitch and the nose of the aircraft began to rise smoothly. At this
time, the true speed of the flight was 408 km/hr, while the instru-
ment speed and the velocity head were very small and amounted to
89 km/hr and 39 kG/m?, respectively. The jet engine of the air-
craft was operating at a low-gas regime, but rotating at high speed
(4000 rpm) due to the great flight speed.

An analysis of the flight recorder charts and the data from
modeling the conditions of this flight revealed the following.
Under the influence of the gyroscopic moment of yaw after the nega-
tive angular velocity of pitch was established, the nose of the
aircraft began turning to the left and the aircraft started side-
slipping to the right. Due to the lateral static stability of the
aircraft, this sideslip led to the creation of an aerodynamic moment /102
of roll, so that the aircraft began to roll over onto its left wing,
thus changing the angle of attack.

- Such a combination of the effects of the gyroscopic and aero-
dynamic moments produced a complex movement of the aircraft in

space, with rotation relative to all three axes. The appearance

of angular velocities led to the development of inertial destabil-
izing moments of yaw and pitch, thus permitting further increase in
the absolute values of the angles of attack and sideslip. As a result,
the aircraft lost its stability and acquired a larger angle of

lgee for example: Polve, James H.: Cause Determined; Aerospace
Safety. United States Air Force, No. 4, pp. 10-11, April, 1965.
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attack; a stall ensued, followed by a spin, from which the pilot
was unable to rescue the aircraft. At an altitude of 12 km the pi-
lot ejected himself from the spinning aircraft.

An analysis of the data from such flights on the NF-104A and
the testimony of the test pilots shows that the optimum flight
path angle to reach the dynamic ceiling in this aircraft is 65 to
70°. Climbing at this angle is performed with an angle of attack
of the aircraft on the order of 5°.. The angle of the pilot's seat
back to the vertical axis of the aircraft is 14°. Consequently,
during the climb the body of the pilot is inclined at an angle of
84-~-89° to the vertical, i.e., the pilot is lying practically hori-
zontal. This unusual and uncomfortable position makes the pilot's
work more difficult and makes it impossible for him to pilot the
aircraft visually by depriving him of the chance to orient himself
with respect to the ground and the true horizon. Hence, maneuvers
of this kind are performed on instruments, thus adding additional
complications to the pilot's task. This factor indirectly increases
the likelihood that the aircraft will unintentionally enter criti-
cal regimes. To avoid stalling during training flights when climb-
ing in the NF-104A, the above-mentioned Test Pilot School at Edwards
AFB in the USA placed the following limitations on the character-
istics of the trajectory: the speed at the peak of the climb must
remain supersonic, so that the velocity head will never drop below
about 100 kG/m?, while the maximum climb angle while gaining alti-
tude must not exceed 45 to 50°.

The increase in the initial velocity (Mach number) during
stalling at the dynamic ceiling has the same effect as in stalling
at middle altitudes: as Vg(Mp) increases, the intensity of the
stall and the absolute values of the angular velocities and acceler-
ations wyp and Wy, €, and ey, also increase.

(e} LIMITS OF FLIGHT SPEED ATTAINABLE IN STALLS

In principle, stalling of an aircraft is possible at any velo-

city when the proper stresses are present. The greater the speed,
the greater the vertical load factor during stall, nst. TFor example,
if in an initial regime of rectilinear horizontal flight, (ny, = 7103

1), a stall occurs at an instrument (or rather, indicator) speed of
Vst = 200 km/hr (ngy = 1), then at a speed of 300 km/hr the stall
will ocecur at a load factor of ngt = 3002/2002 = 2,25 (if the effect
of compressibility is not taken into account). When the actual ver-
tical load factor %, is less than 7ngt, then even if the flight speed
V becomes less than the stalling speed of the aircraft in a regime
of rectilinear horizontal flight Vgt, the aircraft will not reach
O0gts i.e., stalling will not occur. This fact is used particularly
in flights at the dynamic ceiling, when the aircraft is usually
braked to a final wvelocity much less than Vst.

For an anlysis of the nature of the change in vertical 1load
factor during flight at. the dynamic ceiling, let us use a schematic
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trajectory of such a flight, as shown in Figure 3.23. In this case,
at the end of acceleration (required for the aircraft to acquire
the necessary amount of kinetic energy at »n, = 1, the pilot pulls

the control stick toward him and creates the 1oad factor un, > 1, i.e.,
he shifts the aircraft into a

D . . climb. At the same time, the

H ._Jﬂffggifgggg__ ¥ flight speed begins to decrease.
During the process of gaining

altitude, the vertical load factor
gradually decreases and becomes
equal to unity (Point 3 on the
figure). Then the vertical load
factor continues to drop, and
the slope of the flight trajec-
tory begins to decrease. How-
ever, thanks to the positive
angle of climb of the trajectory
6 » 0, acquired between Points
2 and 3, the aircraft still

continued to gain altitude. At
the peak of the trajectory
L (Point 4) the flight speed V <«

Vst, but since the true vertical
Fig. 3.23: Diagram of the Tra- load facto¥ n, is then less than
jectory of Flight at the Dynamic unity, the aifYcraft does not /104
Ceiling stall, if the condition

2 2
c;“i:,zyv_s;<1, i.e.ny<(VL> (3.1)
‘st st

is satisfied. The stalling speed of an aircraft in a maneuver Vg p.,

i.e., the flight speed at which stalling occurs when performing a
maneuver with a load factor of ny # 1, is determined by the following
familiar relationship:

Vo=V Vg, (3.2)
Cy
and nsf: vst
Cy
h.f.
(3.3)

Here, cyp g, is the coefficient of 1ift of the aircraft in recti-

linear horizontal flight at a speed of Vg . The value of ¢ g+
used here is determined from a graph like that in Figure S.lg, at
a Mach number which corresponds to the speed Vg . at the flying

altitude in question.
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An example of the limits of flight speeds attainable from stall
conditions, obtained according to (3.2) as a function of the force /105
at one specific flight altitude, is shown in Figure 3.24. It is
clear from the graph that even at
flight speeds close to zero,

Vinst giﬁi%?ﬁ%ﬁt stalling does not occur if the load
km/hr (Cry) factor n, is sufficiently low and
800+ Region of satisfies (3.1). Therefore, in

subcritical flying at the dynamic ceiling the
7001 flight regimes aircraft can brake to very slow
speeds. However, in order for the
6ooy aircraft to remain maneuverable
soot Stall limit at this time, it is necessary to
= 1imit the given flight speed
400l E (velocity head) at the dynamic
s — ceiling, at which the aerodynamic
300 + ED surfaces are still sufficiently
v, = effective. This enables the pi-
2001 f e & lot to use these surfaces to over-
wol/ n come any influences that may tend
/ : to divert the aircraft from the
a e . . desired flight regime.
7 2 3 4 5 6 7 njmax 7

In addition to those listed
above, there are a number of
other factors which can have a
ing Conditions While Perform- significgnt influence ?n the char-
ing Maneuvers at a Prescribed acterlstlcs'of @ §tall. the ?x—
Altitude. ternal configuration of.the‘alrt
craft, the methods of piloting it
(especially promptness and con-
sistency in moving the control surfaces), the operation of the en-
gine, the position of the aircraft before its entrance into critical
regimes, etc. Therefore, stall regimes [even for one alircraft un-
der identical initial velocities (Mach numbers), flight altitudes
and load factors] can be very different.

Fig. 3.24: Limit of Flight
Speeds Attainable from Stall-

3.5. Stalling Due to Turbulence

The practical danger of an aircraft attaining ogt when it en-
counters turbulence comes from vertical air currents. In other
words, when an aircraft is flying in turbulent air, only the ver-
tical components of the velocities of shifting air masses are gen-
erally significant. Horizontal currents or disruptions of wind
flow are of insignificant influence in changing the angle of attack
of the aircraft, and therefore can lead to a stall only during
flight in peripheral regimes (at speeds sufficiently close to stal-
ling speed). However, it is not very likely that the pilot would
be flying in such regimes when he encountered turbulence.

Let us examine the conditions for an aircraft's encountering
a vertically rising current of air. If the angle of attack of the
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aircraft was a3 before it encountered this current, then after the
aircraft enters this rising current, which is moving at a speed W,

its angle of attack will increase by the value Ao and will be
equal to o = a1 + Aa(Fig. 3.25). The value Ao is determined from

the expression

Ao = (tan—!

<=

In order to place the aircraft in a stall regime, the rising
current must undergo an increase of the angle of attack Ao > Adgt,
where Aagt = agt-031. This means that its vertical speed must be

‘Vst:.v-tan (Aast)

(3.4)

W
J
Fig. 3.25: Change in the Angle
of Attack When an Aircraft En- Fig. 3.26: Appearance of
ters a Vertical Disruption of Rising Current of Air,
Wing Flow Sketched Arbitrarily.
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In addition, the rising current must have sharply defined /107
limits (Fig. 3.26), and the aircraft must strike it instantaneously.
Although the latter two conditions are not fulfilled in practice,
they serve to make our considerations easier without changing ap-
preciably the conclusions which are drawn.

It is clear from Figure 3.24 that the smaller the angle of
attack of the aircraft (i.e., the larger Aast) and the greater the
flight speed, the greater must be the speed of the rising air which
is capable of throwing an aircraft into a critical regime. However,
as the flight speed (i.e., the Mach number) increases under the
effect of air compression, the value og i can decrease significantly.
Consequently, the value Ao 4 can decrease more than the flight speed
increases. Therefore, the speed of the rising current Wgt at cer-
tain Mach numbers can also decrease with an increase in the Mach
number (speed) of flight.

Consequently, for each flight altitude of the aircraft, there
is a certain range of Mach numbers at which the value Wg ¢ will be

maximum. In Figure 3.27, there is an example of the dependence of
the values of the true (Wst) and indicated (W;gt) speeds of the
vertical updrafts in the wind, upon the Mach number and flight

altitude. The values Wgt and Wjgy are linked by the familiar equa-
tion Wgt = Wist//K, where A is the relative density of the alir &t
the flight altitude in question. It is clear from the graph that
as the flight altitude increases, the values Wg{ and especially
Wigst decrease markedly. The shapes of these curves for a given
aircraft must always be taken into account when selecting the opti-
mum values for the Mach number and flight altitude which will en-
sure maximum safety of flight in case of severe turbulence.

3.6. Prevention of Stalling and Recovery from It.

Stalling of an aircraft, which is usually unexpected by the
pilot, is always dangerous since it is accompanied by partial and
sometimes even complete loss of maneuverability of the aircraft.
After stalling, the aircraft may start spiraling or go into a spin.
In the latter, the maneuverability of the aircraft is much worse
than under normal operational flight regimes; as a rule, however,
the pilot can pull the aircraft out of the spin by careful piloting.
In a spiral, the maneuverability of the aircraft returns almost
completely after a while if the pilot does not make serious errors
in controlling the aircraft during this time. In both cases men-
tioned (especially in the case of going into a spin), there is con-
siderable loss of altitude, which is especially dangerous when the
aircraft is originally at a low altitude. /108

If the stall has occurred at high speed, the maximum opera-
tional stresses may be exceeded (appearance of residual deformations
or even fractures in the structure); likewise, the extreme attain-
able Mach numbers and velocity heads may be exceeded when the air-
craft goes into a spiral. Stalling which occurs near the ground,
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(for example, when coming in for a landing) means that the aircraft
falls with considerable vertical speed. This is usually accompanied
by a very unsatisfactory attitude of the aircraft immediately be-
fore landing, so that it becomes difficult to bring it down on the
landing gear. In such cases, it is often the case that the aircraft
will touch down when it is tilted to one side, so that one wingtip
strikes the ground and causes an accident.

In this connection, we should mention one characteristic and
very dangerous piloting error: an attempt to halt the descent of
an aircraft moving along a spiral trajectory after going into a
stall, by pulling the control stick backward. This only makes the
rotation of the aircraft more intense and the speed of descent in-
creases instead of decreasing. The likelihood of committing such
an error is increased still further by the fact that in a super-
sonic aircraft, rotation when moving along such a spiral is less
noticeable to the pilot (due to less angular velocity of rotation
of the aircraft) than was the case in old subsonic aircraft.

Therefore, from the viewpoint of ensuring the safety of flight,
an important role is played by the presence in the aircraft of
natural or specially introduced signals which will clearly warn
the pilot in plenty of time that he is approaching a critical re-

gime. Natural warning devices include: warning buffet, pull on
the control stick, rocking of the aircraft from side to side, oc-
currence of yawing motions, etc. If natural signals are not given

or are noticed too late, the pilot must be warned of the approach
of stalling by special devices for indicating and signaling the
aircraft's approach to near-critical regimes. A lack of reliable
devices for warning of the approach of critical regimes keeps the
pilot from piloting his aircraft reliably and utilizing all of its
maneuverability to the full.

(a) DEVICES TO WARN OF STALLING

A modern supersonic aircraft has a great many different limit-
ations which set the limits of safe regimes of flight by instrument
speed, Mach number, load factor, angle of attack, regimes of operation
of the engine, etc., many of which also depend on changes in the
altitude and flying weight of the aircraft. This complicates the
pilot's task and makes additional demands on his time and attention
for estimating the validity of one or another flight regime. Under /10¢
certain particularly complex conditions (flying in rough meteoro-
logical conditions, pursuing an enemy aircraft in aerial combat,
etc.), there may not be adequate time and attention left to the
pilot for carrying out these additional tasks. Consequently, there
is an increased likelihood that the aircraft will unintentionally
enter inadmissible flight regimes and then go into a stall. To
avoid this, the aircraft must be fitted with reliable devices to
warn the pilot of the approach of disruptive regimes.

The weaker and later appearance (and occasional absence) of
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warning jolting and a significant change in the values ¢, 45+ and Ogt
in the range of operational speeds and Mach numbers of f%ight in
supersonic aircraft relative to subsonic aircraft has prompted de-
signers to give increasing attention to special signaling devices
which will warn the pilot of approach to critical regimes or even
automatically steer the aircraft away from these regimes, should the

pilot fail to take any action. A warning of this kind can be de-
livered by two interacting parameters: +the magnitude of the angle
of attack, or the coefficient of 1ift of the aircraft. In addition,

due to the significant influence of sideslip on the nature of the curve
¢, = f(a) in the region of near-critical angles of attack, it is

a%so useful to coordinate information on the actual values of o or

cy with information on the actual value of the sideslip angle 8.

Warning of the approach to near-critical flight regimes must
be given to the pilot earlier; for example, at a speed which exceeds
the stalling speed by no less than 5 to 7%, or at an angle of attack
2 to 3° less than agt. The magnitude of this margin is selected
for each specific type of aircraft on the basis of its character-
istics of stability, maneuverability, and special piloting require-
ments at near-critical regimes, and in some cases also on the char-
acteristics of the initial flight regime, preceding the entry of
the aircraft into larger angles of attack (for example, the rate at
which the pilot pulls the control stick toward himself, or the
rate of increase of the angle of attack of the aircraft). It can
be increased when necessary (for example, when the aircraft is un-
stable under force at high angles of attack), or it can be decreased
(for example, with a sufficient degree of longi-

tudinal static stability of the aircraft under J
force , as well as a sharp increase in the forces «
and required deflections of the control stick
when entering the regime ¢, ). At low altitudes, 204
the limitations on the angle of attack are deter-
. . . . 40 H
mined mainly at low flying speeds with values of
Cyper (stall 1imit), wh%le at high.flying speeds, 50l
by  the value of the maximum operational stress e—]
(strength 1imit). Usually, at high altitudes 20l
over the entire operational range of speeds and s
Mach numbers, the limitation is set only by. the 70 H /110
0 H
\“\.\\‘\\“ s Aty T *1;":-*7‘7;7‘5m“ Ty =70 H
/ Ve (-

Fig. 3.29: General View of the

Fig. 3.28: Example of Instal- Scale of the Indicator for Actu-
lation of Vanes for Measuring al (Black Arrow) and Arbitrarily
Angles of Attack and Sideslip Obtained (White Arrow) Values
Mounted on the Nose of an of the Angle of Attack of an
Aircraft. Aircraft.
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values Cyper:

Devices for preventing the aircraft from entering critical re-
gimes, based on a determination of the values of the coefficient of
1ift of the aircraft, have the advantage that all of the special
measurement apparatus required for their operation (in particular,
sensors for force and fuel consumption, to determine the actual
flying weight of the aircraft) is located inside the aircraft. A
disadvantage 1s the need to measure the actual values of the flying
speed of the aircraft, which is related to certain difficulties in
designing and adjusting these devices. In addition, with approach
to mnear-critical flight regimes, the readings of instruments of
this kind become less accurate; due to the presence of the maximum
of the curve ey = f(a), the same values of ¢, can occur at subcriti-
cal and supercritical flight regimes. There%ore, for example, the
readings which the pilot obtains for Cy at near-critical regimes
can serve only to discorient him.

At the present time, as a rule, warning devices are used which
are based on the measurement of the angle of attack of the aircraft.
This is done by installing special vanes in the oncoming flow (Fig.
3.28), whose motions are transmitted to an indicator and signaling
device. The most reliable version is the double-vane indicator
for the angle of attack. Figure 3.29 shows a general view of the
scale of such an indicator. A double-vane indicator of this type
shows the actual (a) angle of attack of the aircraft and the value
obtained arbitrarily in normal flying operation (o, .,). By looking
at the distance between the two arrows on the indicator, the pilot
can get an idea of the reserve of angle of attack available to him
for carrying out required maneuvers. When the actual angle of at-
tack increases to the arbitrary limit set for it, additional sig-
Nals are triggered (audible or visual signals, etc.).

The advantage of such warning devices is the absence of a need
to determined the flying weight of the aircraft; the disadvantage
is the need to mount vanes in the external flow (there is a chance
that they will be damaged or their setting changed while the air-
craft is being serviced on the ground). It is also necessary to
convert the readings. The latter is due to the fact that the vanes
do not actually measure the angle of attack of the aircraft, but
.the angle between the direction of the local streamline (at the
point where the vanes are mounted) and the axis of the aircraft.
The difference between this angle and the actual angle of attack
of the aircraft (i.e., the correction of the value indicated by
the vanes) is not constant. It can change significantly, depending
on the flying regime, the operating regime of the engine, the ex-
ternal configuration of the aircraft, etc.

If this correction were constant, its value would not be sig-
nificart; it could easily be taken into account when calibrating
the instrument. In those cases where this correction changes sig-
nificantly as a function of flight conditions, use of the vane-type

gy
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indicator of the angle of attack is considerably more difficult.

It means that when the device is calibrated, the average value of
the correction must be taken into account first, and only then must
the corresponding corrections be made in reading the instrument

for the deviation of the actual value of correction from its average
value under various flight conditions. Therefore, the place where
the vanes are mounted on the aircraft should be chosen whenever
possible so that the values of these deviations will be minimal.
The signaling device may also be linked to an automatic device for
moving the control stick (independently of the pilot's action) for-
ward in order to attain a certain angle of attack.

(b) RECOVERY FROM STALL

If it is impossible to prevent the aircraft from attaining
eyst (iL.e., a stall occurs), the pilot must begin as socon as pos-
sible to pull the aircraft out of this regime. In pulling the air-
craft out of a stall or out of a regime of high subcritical (close
to agt+) angles of attack, the pilot must begin by activating only
the longitudinal control system, pushing the control stick vigor-
Susly away from him. Using the ailerons to combat rolling of the
aircraft at high suberitical angles of attack, especially in a
stall, is dangerous since 1in such cases it can only lead to accelera-
tion of the transition of the aircraft into a spin. This is due
mainly to the fact that when an aircraft in a stall reaches super-
critical angles of attack, tilting the ailerons against the rota-
tion can only aggravate this rotation instead of combating it (see
Chapter V for further details). In addition, in the case of trans-
Verse oscillation of the aircraft in the process of stalling, the
Pilot sometimes is unable to tilt the ailerons in the required
direction.

In pulling the aircraft out of a stall, it is recommended that
the rudder as well as the ailerons be kept in a neutral (initial /112

balanced) position. The pilot must keep the rudder in this position
until he is sure that the aircraft has returned to a normal opera-
tional angle of attack a < oy, (when warning buffet has ceased,

the force 1is reduced, etc.).

This is because the direction of flight (especially without a
booster) is the most roughly controlled factor (the legs are less
sensitive than the hands). In a stall, therefore, which is an un-
usual flight regime calling for considerable additional attention,
the pilot can easily "shift his leg" (cause an extreme deflection
of the rudder to the side opposite that in which the aircraft is
"falling"). This can only change the direction of rotation of the
aircraft in the stall instead of ending 1it. Sometimes this even
causes the aircraft to shift from the stall condition into a spin,
the opposite rotation direction with respect to that from which the
pilot wanted to extract the aircraft after the stall.

In addition, in the case of an abrupt stall, the aircraft can
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rather rapidly assume a nearly inverted position at negative super-
critical angles of attack (e < o%;). If in this case the pilot
tilts the rudder too far against the roll and turn which develop
after the stall, while simultaneously moving the control stick away
from him (to combat a stall which has occurred at a positive angle
of attack), this tilting of the rudder can cause the aircraft to
shift to a regime of inverted spin.

If the aircraft, after emerging from the stall, has entered
normal operational angles of attack (necessarily subcritical) in the
upside-down position or close to it, there are two ways to get the
aircraft back into a normal position relative to the horizon: make
a "half roll", or complete the second half of the wingover maneuver.
The half roll is usually performed, since the speed of the aircraft
is then increased much less than in making the second half of a
Wingover, in the course of which the speed in some cases can even
g0 beyond existing limitations.

The limitations on flight speed and Mach number. as well as
flight altitude, angles of attack and sideslip, etc. for mass flight
tests must be selected so as to enable the pilot to perform as
fully and safely as possible, the required maneuvers as well as
routine piloting tasks.
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CHAPTER 4

SPIN
4.1, Physical Nature of Spin

(a) AUTOROTATION OF THE AIRCRAFT

The cause of spin is the aerodynamic autorotation which arises /113
after an aircraft has stalled. In the presence of sideslip, aerody-
namic autorotation (in the following, we will refer to it simply
as "autorotation") of an aircraft mainly involves only the wing.

During sideslip, a significant portion of the aerodynamic moment of
autorotation can be contributed by the fuselage as well. Let us
see how autorotation of an aircraft comes about.

AUTOROTATION OF THE WING
1. PHYSICAL NATURE OF AUTOROTATION

Autorotation produced by the wing arises as follows. It has
been mentioned previously that the rotation of a supersodnic air-
craft, after stalling, takes place relative to an axis close to
its longitudinal axis ox). For the sake of simplicity (the quali-
tative aspect of the phenomenon will remain the same), we will
assume that the axis of rotation coincides with the longitudinal
axis of the aircraft. As we know, in this case the angles of at-
tack of the wing cross sections differ from the angle of attack
wrlsec
———>
the distance of a given cross section from the axis ox;.

of the aircraft by the value Aa ~ arc tan

sec where Bgoe is

C

From Fig. 4.1, we can see that the angles of attack of the
cross sections in the rising wing (o pnige) increase, while they
decrease in the falling wing (o g£517). At subcritical flight re-
gimes, such a difference in the angles of attack of the wings from
one side to the other produces an increase in the coefficients of
normal aerodynamic force on the rising wing ¢yn;ge and a decrease
in these coefficients in the falling wing cygz)1; an aerodynamic

moment of roll damping is produced (Fig. 4.2, a). At supercritical
initial (ojnjitial) angles of attack in the central cross sections
of the wing, the opposite is the case: +the normal aerodynamic

force of the falling wing exceeds the aerodynamic force on the

97



rising wing (see Fig. 4.2.b). The result is an aerodynamic moment /i1

which acts in the rotation direction and tends to increase the
angular velocity of the aircraft's rotation (the moment of auto-
rotation, Mguto). The increase in the angular velocity, and there-
fore the change in the angles of attack of the wing cross sections,
will continue until the coefficients of normal aerodynamic force

on the right and left wings are equal (see Fig. 4.2, c). The ro-
tational moment M,,y, then vanishes and the wings continue to rotate
at a constant angular velocity of roll.

Such a phenomenon, which oc-
curs at subecritical angles of
attack of the central cross sec-
tions of the wing, is the result
of spontaneous rotation of the wing
at an initial angular velocity of
roll w, # 0 after stalling, and is
also called autorotation of the
wing. Autorotation of the wing
can be aggravated still further by
an increase in the area of dis-
turbed flow over the rising wing
due to the angular velocity of
roll we # 0, which causes an addi-
tional drop in the value cyrjige-

Fig. 4.1. Diagram Showing The autorotational moment of the
Changes in Angle of Attack empennage can be produced similarly.
on Wing Cross Sections Dur- The value of the autorotational
ing Rotation of the Latter moment is determined to a consid-
Relative to The Longitudinal erable degree by the slope of the
Axis of an Aircraft. curve ¢, = f(a) at the point of
transition to supercritical angles
of attack. The greater and more sudden the drop in the coefficient

of 1ift in the transition through the critical angle of attack,
the greater the autorotational moment.

In reality, the rotation of the aircraft does not take place
relative to its longitudinal axis, but relative to some axis in
space which lies between the axis ox; of the aircraft and the di-
rection of the speed vector of flight (see Chapter I). In addition
the braking and torsional moments, (strictly speaking) are not pro-
duced by the lifting forces of the wing cross sections, but by the
projections of the total aerodynamic forces of each wing cross sec-
tion on a plane perpendicular to the axis of rotation. Under
actual conditions, then, besides the autorotational moment which
turns the aircraft relative to its longitudinal axis, there is also
the autorotational moment as well, which turns the aircraft rela-
tive to its normal (vertical) axis. This also contributes to the
spiraling of an aircraft in a spin.

In the majority of instances, the aircraft gideslips when it is
in a spin. The sideslip motion has a considerable influence on the
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autorotation of supersonic aircraft. There are two types of /115
sideslip, inward and outward. Inward sideslip occurs when the air-

flow strikes the aircraft on the side of the inner wing. Outward
sideslip occurs when the airflow strikes the aircraft on the side of
outer wing. With inward sideslip, the right wing is involved in a
right-hand spin and the left wing is involved in a left-hand spin.

With outward sideslip, the left wing is involved in a right-hand spin
and the right wing is involved in a left-hand spin. Right-hand

spin (normal and inverted) means that the aircraft is rotating

toward the right, as seen from the cockpit, looking forward. Left-
hand spin (normal and inverted) means that the aircraft is rotating
to the left. In other words, as observed from the aircraft (look-

ing in the direction of motion of its center of gravity), right-
hand normal spin means that the spin is clockwise, while right-hand
inverted spin means that the spin is counter-clockwise. In left-
hand normal spin, rotation takes place counter-clockwise, while in
left-hand inverted spin it is clockwise.

Sideslip is highly dependent on the
characteristics of autorotation of
wing. Flight with sideslip involves a
shift in the boundary layer and a
change in the point of origin of dis-
turbed flow toward the other wing (on
which the disruption of flow occurs
. earlier), thus favoring an earlier
Qﬁse?hﬁtcﬁﬂl o development of spin.

a)

An important characteristic is
the so-called diagram of autorotation
of the wing. A diagram of this sort

da
Aassg is obtained by determining the values
i of the relative angular velocities of
Lo —
o Lol N roll wy = 2? , at which the moment of
rise Qinit Ofall « .
autorotation My, to = 0, for various

values of the angle of attack at the
central cross section of the wing.
The curves of autorotation uw, = f(a)
in this diagram show the dependence of
the stable angular velocities of auto-
rotation upon the angles of attack of
R the wing, for various values of the
Orise QOjnit 0fall « sideslip angle (Fig. 4.3.).

c)

Fig. 4.2. Changes in the
Coefficients of Normal
Aerodynamic Force on the

Autorotation of the wing is ob-
served only within a region bounded
by the curve W, = f(o) and the axis
of the abscissa. As we can see
Cross Sections of a Rota- f?om the graph3 the area of gutorota—
ting Wing at Various tlo? expa?ds Vlth outvard sideslip and
Initial Angles of Attack. shrinks with inward sideslip. This prop-
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erty of the wing can be used especially in pulling an aircraft out
of a spin, when the proper sideslip angle can be set by operating the

controls.

EXPY:

Fig. 4.3. Diagram of
Autorotation of the

Wing at Various Sideslip
Angles: (1) Curve of
Autorotation With-

out Sideslip; (2) Curve
of Autorotation with
Outward Sideslip; (3)
Curve of Autorotation
with Inward Sideslip

At supercritical an-
gles of attack, depending
on the shape of the curve
ey = f(a), the combina-
tion of the values of the
angle of attack at the
central cross section
of the wing and the angu-
lar velocity of its rota-
tion, the existence of

A utorotation 11
Cyrise> Cyfall —

Cytall S
f‘ddsec’ffﬂdsecﬂ

rise %init X1l &

Cy
Mx=0:

Cyrise=CYfa1]

CyfallCypise

Xrise init &fall «

€y Damping
i Cyrise<Cyrfall
Cyfal: S
Cypi !
Yrise rdasecﬁeﬂaéec4
i

;| | 1
Xrise %nit Xpall <«

Fig. 4.4, Value and Sign of Aerody-
namic Moment of Roll, Produced by a
Rotating Wing, versus the Initial
Angle of Attack.

sideslip, etc., three things may occur: /11
1. Autorotation of the wing.
2. No rotation of the wing, with a resultant aerodynamic moment

of roll egual to zero.

3. Aerodynamic roll damping.

Figure 4.4 shows an example which illustrates the change in
value and sign of the aerodynamic moment of roll, generated by a
given wing at a fixed angular velocity of roll (Aogec = const), as
a function of the value of the initial supercritical angle of attack.

At subcritical angles of attack, the rotating wing can generate

only aerodynamic roll damping.
wing cannot arise at subcritical angles of attack.

Aerodynamic autorotation of the
However, as we

have pointed out above, the actual value of the critical angle of
attack can change considerably as a function of a number of factors
(especially the sideslip angle and Mach number).
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2. AUTOROTATION OF A SWEPTBACK WING

Autorotation of a sweptback wing, and consequently of -an air-
craft with sweptback wings, has one significant feature: at rela-
tively low supercritical angles of attack, with a small amount of
sideslip, the angular velocity of autorotation of such a wing can
undergo considerable changes with time, even leading to changes in
the direction of rotation of the aircraft.

For the sake of comparison, we have shown in Fig. 4.5 the auto-
rotation diagrams of two aircraft: one with straight wings (x = 0)
and the other with sweptback wings (x = 45°). It is particularly
clear from the graph that the dimensionless angular velocity of

autorotation W = ol in the aircraft with sweptback wings changes
sign over a small” range of angles of attack with a sideslip angle
Ie% = 5°.

It is also apparent from the graph that in the aircraft with
sweptback wings, in the absence of sideslip, there is no autorctation
at all over a wide range of supercritical angles of attack. When
there is sideslip, however, (with uniform absolute values of 8), /118
autorotation begins much earlier with a sweptback wing than with a
straight wing.

The changes in the direction of autorotation of a sweptback
wing at certain combinations of angle of attack and sideslip angle,
are related to the nature of the propagation of a zone of disturbed
flow over that wing. To illustrate this, Fig. 4.6. shows diagrams
of the distribution of areas of disturbed flow over sweptback and
straight wings, with increase in the angle of attack during sideslip.

& &
X=0 X=45° 3

O utward

I nward

Fig. 4.5. Diagrams of Autorotation of Aircraft with Straight (x =0)

and sweptback (x = 45°) Wings. (1) Inward Sideslip |8| = 10°; (2) In-
ward Sideslip |B| = 5°; (3) ¥o Sideslip (B = 0)- (4) Outward Sideslip
IBI = 5%; (5) Outward Sideslip |B| = 30°; (&) 8] = 30°; (7) lﬁl = 50,

(8) No Sideslip (B = 0°).
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In a sweptback wing during glide, a zone of disrupted flow
arises at the end of one wing (a = 15° in Fig. 4.6), which is
trailing. As the angle of attack continues to increase, the zone
of disrupted flow also appears on the wing which is farther forward
(a = 20°); as the angle of attack increases, this zone spreads out
rapidly and covers the entire wing. At this time, there is still
a small area of smooth (non-disvrupted) flow on the trailing wing.
The result is a change in the divection of rotation of the wing.
Later (a = 40° in Fig. 4.6) there is a complete separation of the
flow from the wing and the direction of rotation changes again,
which is explained by the non-symmetric position of the wing rela-
tive to the incident airflow.

For comparison, Fig. 4.6 also shows a diagram of the propaga-
tion of an area of disrupted flow across the wingspan of an air-
craft with straight wings. It is clear from the diagram that the
zone of disrupted flow first arises at the end of the trailing wing
and gradually spreads as the angle of attack increases, spreading
uniformly to the right over the wings and continuing to occupy an /119

ever increasing portion of them. The direction of the aircraft's
rotation does not change.

These differences in the characteristics of autorotation of
sweptback wings and straight wings are explained by the following
basic facts:

The curve ¢, = f(a) has a very flat maximum In sweptback wings.
In the absence o% sideslip, if the initial angular velocity of the

aircraft's rotation is low, the values Cyrise and Cyfall (see

Fig. 4.2,b) will be nearly the same. In this case, autorotation

will be less intense, and sometimes will not occur at all (cyrise

v and ¢ will be practically the

Yfall
B same). The picture changes sharply,
/ﬂ! however, when gideslip is involved.

Sideslip means that the effective
lengths of the right and left wings

of an aircraft with sweptback wings
(Fig. 4.7), and therefore their
lifting capacities (Fig. 4.8),

will be different. The effective
length of the forward wing will be

Fig. 4.6. Propagation of Areas of
Disrupted Flow over the Upper Sur-
faces of Sweptback and Trapezoidal
Wings, with an Increase in the
Angle of Attack During Sideslip
(Regions of Disrupted Flow are
Shaded).
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greater than that of the trailing wing. As the sideslip angle in-
creases, the effective length of the latter decreases, so that at

a sufficiently large sideslip angle the trailing wing will have the /120
same effect as if it were shorter. It is clear from Fig. 4.8 that
in this case, within the range of angles of attack a; < a < aj, .
autorotation is caused by a relatively high difference between the
values of ¢, in the left and right wings and is directed toward the
leading wing, since its 1lift is smaller at these angles of attack.

A further increase iIn the angle of attack, when the latter exceeds

as, means that the 1lift of the trailing wing will become less. The
direction of the autorotational moment then changes.

In addition, sideslip entaills
changes not only in the effective
length, but also in the effective
sweepback angle of the wings, thus
leading to still greater inequality

¢y} 2-Sweptback
wing

e ———

l
|
!
'
1
:
|
|
'
4

'S hort!

I
|
[<2il<__\

) wing
_ — .
&, a, o
Fig. 4.7. Influence of Sideslip Fig. 4.8. Change of Coefficient
on Effective Length of a Swept- of Lift with Angle of Attack in a
back Wing. Short Wing (1) and Sweptback Wing(2).
in the flow characteristics of autorotation. It is clear from

Fig. 4.9. that as the effective sweepback angle changes under the
influence of sideslip, there is a change in the values of the normal
components of the airspeed vector, striking the left wing (normal
component Vg j7.) and the right wing (normal component Vph, 6 p,). As

a result, the effective Mach numbers of the right (Mgfg ) and left
(Meff.l.) wings are different. This means that there will also be
differences in the aercdynamic characteristics of the two wings.
These changes in the lifting capacities of the left and right

wings can vary with the value of the initial Mach number of flight
and the initial glide angle.

Hence, the characteristics of autorotation for sweptback wings
depend to a considerable degree on the combination of the values
of the angles of attack and sideslip. Therefore, the entrance of an
supersonic aircraft into a spin can occur at still smaller angles
of attack than does entrance into a spin for subsonic aircraft
with straight wings or wings with a small sweepback angle (the
critical angle of attack decreases during a sideslip), regardless of /121
the fact that the critical angles of attack of the latter are much
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smaller in the absence of sideslip. The above~described nature of the
propagation of zones of turbulent flow across the wings of a swept-
back-winged aircraft during sideslip can produce periodic variations
of the direction of rotation when an aircraft with wings of this

type enters a spin. In this case, the transitional portion of the
spin may include unintentional transitions from spin in one direc-
tion to spin in the other direction, with a fixed setting of the
controls during the regime, depending on the spin in the initial
direction of rotation.

Of all the types of autorotation,
it is aerodynamic autorotation of the
wing which usually has the main in-
fluence on the characteristics of spin.
Hence, the falling of an aircraft into
a spin is related to entry to
supercritical angles of attack, at
which its uninterrupted flow is dis-
turbed and developed regions of dis-
rupted flow appear. As a result of
this asymmetric disorientation, reversal
and roll moments in autorotation devel-
op (as we have mentioned before) which
lead the aircraft to move in a spiral.

Fig. 4.9, Explanation
of the Effect of Glide
on the Effective Sweep-

back Angle of the Wings: AUTOROTATION OF THE FUSELAGE

In some cases, the nose section of

¥y IV cos (kb the fuselage can be the origin of a
%wglvafﬁx relatively large aerodynamic moment of
Moge 2°L??umu+ﬂ; autorotation.
n.r V , .
Mopp pa ~a oSl Fig. 4.10 shows an example of the
. A > . -
More 3Meff. T possible relationship and shapes of the

curves for the autorotational moment of

the fuselage M u+s.f, (Curve 1) and

the resultant moment of autorotation
Mauto (Curve 2), as functions of the angular velocity of roll.

Autorotation of the fuselage may arise with certain shapes of
the cross section of the nose section, in the event of nonsymmetric
flow of incident air over the latter (expecially at large angles of
attack).

Studies which have been carried out show that this phenomenon
is possible, especially when the shape of the cross section of the
nose oF the fuselage (Fig. 4.11) is like that shown in Fig. 4.12.
If sideslip occurs, the flow in the plane of the transverse cross
section of the nose of the fuselage moves at an angle B¢ (see Fig.
4,11) to its normal axis oy; Fig. %#.13). It 1s then possible to
have two varieties of position of the normal Yf and side Zf /122

components of the resultant aerodynamic force Ry, acting on a given
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section of the fuselage: (a) the values Yg and Zg are both positiwve
(see Fig. 4.13,a); (b) the value Yf is positive and Zg is negative
(see Fig. 4.13,b).

Fig. 4.14 shows the nature of the change in the values of Ye
and Zy with the angle Bf in both of these cases.

M r Re=const

a =const

Fig. 4.10, Possible Curve for the
Autorotational Moment Produced by
an Isolated Fuselage (1) and the
Resultant Moment of Autorotation
of the Wing-Fuselage System (2).

Fig. 4.11. Diagram Showing the Position of the Transverse Cross
Section ABC of the Nose of the Fuselage.

Autorotation of the fuselage occurs in the presence of a neg-
ative side force Zg (see Fig. 4.13,b), the point of whose appli-
cation lies above the longitudinal axis ox; passing through the
center of gravity of the aircraft (the pdint of intersection of this
axis with the transverse cross section of the fuselage in question
is indicated by the letter D in Fig. 4.13). The nature of the flow
over the transverse cross section of the nose of the fuselage in
this case 1is shown in Fig. 4.12.

It is clear from the sketch in Fig. 4.12 that the disruption
of flow occurs on the upper part of the fuselage, on the side
opposite that struck by the incident airflow. This causes a local
area of increased pressure (marked by a "+" sign in the diagram).
On the other side of the fuselage there is still undisturbed flow,
and consequently a region of underpressure (marked by a "-" sign in
the diagram).
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Fig. 4.12. Diagram of Flow Fig. 4:13. Possible Variations of /123
over a Transverse Cross Sec- the Locations of Normal and gjide
tion of the Fuselage, Show- Aerodynamic Forces Acting on the
ing the Reason for Forma- Transverse Cross Section of the
tion of an Autorotational Fuselage During Glide.
Moment of the Latter.
o = CONSt, A rise in the underpressure /124
Re=const on the side of the incident air-
Y flow and a rise in the pressure on
f - : . .
P the opposite side (in the presence
z S of sideslip, causing nonsymmetric
disruption of the flow, is also
the cause of the appearance of a
g B moment of the autorotational com-
ponent in the fuselage. The
appearance of an aerodynamic force
Fig. 4.14. Curves Yg = f(Bg) Rg, applied to the arm r (the dis-
and Zg = F(B8g) with and with- tance from the line where this
out Autorotation of the Fuse- force 1s applied to the longitudi-
lage: ( = Without Autoro- nal axis ox;) produces the aero-
tation; --- = With Autorota- dynamic moment of roll and is the
tion). autorotational moment Mguto.f. =
Rfr (see Fig. 4.13). As a rule,
the transverse cross section of the aircraft is located in its
plane of symmetry yj10x1;. Then the value Myyto.f. is determined
solely by the side force Zf:
Mauto.f. = ZfPyg
The side force Zf also produces the aerodynamic yawing mo-
ment M, ¢, = Zglp (lp = OD , see Fig. 4.11). Hence, the autoro-
tation of the fuselage is directly linked to the disruption of its
uninterrupted flow and the appearance of a nonsymmetric disruption
of flow.
In the absence of sideslip (with B = 0 and Bf = 0, see Fig. 4.11),

the flow over the right and left halves of the fuselage is symmetric,
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so that the lateral force 1is zero. In this situation, autorotation
of the fuselage cannot occur.

Consequently, the source of autorotation of the fuselage is
the lateral side force which arises in the oose section. Due to
the fact that the appearance of the autorotational moment of the
fuselage is directly related to disruption of the flow, the value
of this moment depends to a considerable extent upon such factors
as the shope of the transverse cross section of the fuselage, the
roughness of its surface, the magnitude of the angle of attack
of the aircraft, and the Reynolds number, The roll angle may also
have an important influence on the value of the autorotational
moment of the fuselage, since the value Bf changes when the air-
craft rotates relative to its longitudinal axis. In isolated cases,
the autorotational moment of the fuselage can even arise at sub-
critical angles of attack, at which the wing always has only aero-
dynamic roll damping and not autorotation.

INERTIAL AUTOROTATION

An important influence on the spin regime can be exerted by
inertial (or rather, aeroinertial) autorotation of the aircraft
(see Chapter I). The cause of inertial autorotation is the pro-
duction of a certain combination of values of the angles of sideslip
and attack, the aerodynamic moment of roll, and the inertial de-
stabilizing moment of pitch when the aircraft turns. In this case,
a change in the initial angle of glide may be accompanied by the /125

development of an additional angle of roll AMxB = MgB, acting in
the same direction as the aerodynamic moment of autorotation M ,4q-
This change in the initial angle of glide may be the result of
both inertial and aerodynamic moments of yaw. The moment AMg g,
producing inertial autorotation of the aircraft, can occur with

both supercritical angles of attack and lateral stability (Fig. 4.15),
even 1f lateral instability of the aircraft did occur. In the

latter case, only the effect on the angles of attack would be op-
posite to that described in Chapter I.

The occurrence of inertial

B
i autorotation is impossible (by
I, definition) only when the air-
«® craft is neutral with the lateral
relationship (mg = 0).
/AR When sideslip is absent, it is
\/F\\\\\__” impossible for any of the above-
mentioned forms of autorotation to
occur at subcecritical angles of
Fig. 4.15. Example of the attack. With sideslip, the aero-
Change in the Degree of dynamic autorotation of the fuse-
Lateral Static Stabil- lage and the inertial autorotation
ity of an Aircraft with of the aircraft can occur also
Sweptback Wings, as a Func- at small (definitely subcritical)
tion of the Angle of Attack. angles of attack. However, owing
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to the lack of aerodynamic moments of autorotation of the wing,

the occurrence of a characteristic motion of the aircraft along a
spiral trajectory (spin) is impossible at subcritical angles of
attack. In this case, along with the development of angular veloc-
ities of roll and yaw, there are significant aerodynamic damping
moments of the wing and empennage (see Fig. 4.2.a), which favor the
development of such a motion by the aircraft. The moments of aero-
dynamic autorotation of the fuselage and the inertial autorotation
of the aircraft, superimposed on the moment of the aerodynamic
autorotation of the wing, in some cases may have a very significant
effect on the spin characteristics. However, these two forms of
autorotation (aerodynamic autorotation of the fuselage and inertial
autorotation of the aircraft) will not in themselves suffice to
produce spin, although the motion of the aircraft when these two
factors appear (or even if only one of them appears), even at
subcritical angles of attack at the middle sections of the wing, can

be very similar to spin. Under such conditions, it is usually
difficult for even an experienced pilot to know which regime he is
in:a spin or (for example) a regime of inertial autorotation. For

a proper understanding of the nature of such regimes, and thus for
selection of a method of escaping them, it is advantageous to have
on board some visual indicator of the angle of attack. /126

Due to the interaction of longitudinal and lateral motions
when an aircraft is in a spin, there may also be an independent
change in stress (see Chapter I), which has an important effect on
the nature of the regime.

(b) FORCES AND MOMENTS ACTING ON AN AIRCRAFT IN A SPIN

Spin is the result of the superposition of two motions: the
relative motion, as exemplified by the rotation of an aircraft
around an axis passing through its center of gravity, and a trans-
lational motion of the center of gravity itself along a spiral
trajectory in space. Since the rotation of a body is determined
by the moments acting upon it, and spin is characterized mainly
by the rotational motion of the aircraft, it then follows that the
features of spin of an aircraft are determined mainly by its mo-
ment characteristics. The basic parameters of spin (angle of attack,
sideslip angle, and angular velocity of the aircraft's rotation in a
regime) depend primarily on the nature of the curves of the moments
of yaw and pitch,as well as the moments of roll (to a considerable
degree).

DEVELOPMENT OF MOTION FROM STALL TO SPIN

Let us begin by examining the forces and moments acting on an
aircraft during development of its motion from stall to spin. We
shall assume that in the initial flight regime at subcritical angles
of attack, the aircraft was stabilized with respect to its moments,
with the elevator in a neutral position. This corresponds to the
flight regime shown in Fig. 4.16 by Point 1 (aerodynamic moment of
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pitch M = 0 at §, = 0). The pilot then pulled the control stick
all the“way back. This produced the aerodynamic moment of pitch,
increasing the angle of attack of the aircraft. The aerodynamic
moment M, , > 0 causes the appearance of the angular velocity of

pitch wz > 0 (with the nose of the aircraft downward). This condi-
tion will continue until the aircraft enters a new regime of balance
at 8¢ = 8¢ pax (Point 2). In the process of entering this regime,

the angle of attack of the aircraft exceeded the critical value and
the ailrcraft stalled.

The influence of a number of factors (geometric or aerodynamic
asymmetry of the aircraft, gyroscopic moment of the engine rotor,

angles of the control surfaces or ailerons, effect of wing turbulence,

etc.) means that the airflow over the aircraft in such regimes is
usually asymmetric. Asymmetry of alirflow over the aircraft (with
respect to the plane of symmetry) leads to the appearance of asym-
metric areas of disrupted flow. All of this produces an initial
angular velocity of roll wg # 0. Rolling of the aircraft causes
redistribution of the angles of attack on the right and left wings
(see Tig. 4.1). 1In particular, the difference between the angles
of attack means that the tangential aerodynamic forces on the right
and left wings will be different in value. Under the influence of
inertial interaction of the motions, there arises an inertial mo-
ment of yaw. A1l of this leads to the appearance of an angular
velocity of yaw wy # 0. Hence, aerodynamic and inertizl moments
arise, as well as angular accelerationse«and angular velocities of
rotation of the aircraft relative to all three axes.

Cyh Cymax

Fig. 4.16. Diagram
Illustrating the
Development of Mo-
tion of an Aircraft
From -the Original
Flight Regime at
Subcritical Angles
of Attack Until
Occurrence of Spin.
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The autorotation of the aircraft which arises leads to a sig-
nificant increase in the initial angular velocity of roll. The
inertial moment of pitch My ;,, which appears as the result of an
interaction between the longitudinal and lateral motions of the /128

aircraft as it turns, disturbs the balance of moments in the air-
craft and shifts it in the direction of larger angles of attack

(see Fig. 4.16). In the course of time, with the aircraft moving

at supercritical angles of attack, the aerodynamic moments of roll,
yaw, and pitch can balance the corresponding inertial moments, while
the mass forces (weight, inertial forces) are counterbalanced by

the aerodynamic forces. This produces a stable spin regime, i.e.,

a regime in which all the characteristics of the aircraft's motion
remain constant with time.

SIMPLIFIED PICTURE OF THE MOTION OF AN AIRCRAFT
IN A SPIN

A clear picture of the forces and moments acting on an air-
craft in a spin, can be obtained by examining the forces and
moments determining the forward motion of the aircraft, i.e., acting in
its plane of symmetry. TFor the sake of simplicity, we will assume
that the resultant vector of angular velocity of rotation of the
aircraft § is also located in its plane of symmetry, while the
angular acceleration of pitch at a given moment in time is equal
to zero (ez = 0). As we did earlier (see Chapter I), we will think
of the combination of all the elementary masses of the aircraft m,
for the sake of convenience, as two concentrated masses m; and mo
(m = my + mp); located in the nose and tail sections of the fuselage.

As we see from Fig. 4.17, in the case of an airplane in a spin
with the engine inoperative, there are four forces and two moments
(in the general case) which act in its plane of symmetry. These
forces are the weight of the aircraft 7#, the centrifugal force of

inertia F = fl + fz, the tangential force of inertia J = m(dﬁ/dt),

>
and the resultant aerodynamic force R = gRSq. The moments are the
aerodynamic moment of pitch M; z,governing diving, and the inertial
moment of pitch Mz 35, governing pitching. It is clear from the

figure that the force E is balanced by the resultant of the three

forces 5, f, and 3. The aerodynamic diving moment is balanced by
the pitching moment.

Actually, the motion of the aircraft in a spin is more complex
than the simplified scheme presented above. In the general case,
all of the characteristics of the motion of an aircraft in a spin
are variable with time, and the linear and angular accelerations
are not equal to zero. This is due to the very complex inertial-
aerodynamic and gyroscopic interaction of the longitudinal and
lateral motions of the aircraft in such a regime. Strictly speak-
ing, the above mentioned regime of stable spin can only exist during
tests of dynamically similar aircraft models in spin within a wind /129
tunnel (spin in a medium of constant density). A stable regime of
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spin cannot exist under natural conditions. This is explained as
follows:

The motion of an air-
craft in a spin 1s related
to a change in the flight
altitude. A drop in alti-
tude is accompanied by a
rise in air density. To
preserve a stable regime of
spin, it is necessary in
particular to preserve con-
stant values for the aero-
dynamic forces and moments.
At fixed angles of attact

Momentary axis of
rotation of the aircraft o~
R

the value of the reference
an2

constant (if we disregard
the effects of compressi-
bility and viscosity, i.e.,
the Mach and Reynolds
numbers for the aerodynamic

—— Homzonnﬂﬁm . coefficients). However,
the change in the density
Fig. 4.17. Forces and Moments Act- of the air means that cor-
ing on An Aircraft in a Spin, in responding changes must be
the Longitudinal Plane. made in the actual flight
speed in order to keep the
velocity head constant. A linear acceleration dV/dt develops. But
this is already incompatible with the condition of the existence of
a stable regime. Under natural conditions, therefore, the spin
regime can only be conditionally stable, i.e., quasistationary.

Hence, in the following we will understand a quasistationary regime
to be a regime of spin with practically constant (without taking
variations into account) average values of the angular velocities,
load factors, and instrument flight speed of the aircraft.

4.2. Classification of Spins

There are a number of different kinds of spin. A given air-
craft can be subject to highly diverse spin regimes depending on
various factors (flight altitude, alignment, etc.). For rapid and

correct orientation in all of these complex and dangerous regimes,
and for facilitating the study of spin, as well as evaluating the
results of flight tests of modern aircraft in spins, it is useful
to divide all of these regimes into several varieties, each of
which combines closely related varieties of spin on the basis of
their causes. It is useful to use as the basis of such a classifi-
cation of spins, the following principle: combination of spins

by type must be done according to the manner in which they must be
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escaped. In other words, a given type of spin must include all
the regimes which must be escaped by using the same method of
pilotage (more detail on this is given in Chapter V).

Depending on the position of the aircraft relative to the ground
all spins can be divided into two categories: normal and inverted
(Fig. 4.18). A normal spin is one in which the pilot is in a
"head up'" position (in this respect, such a regime is similar to
normal operational flight regimes), i.e., as we have already men-
tioned above, this k¥ a spin which takes place at positive super-
critical angles of attack of the central sections of the wings.

An inverted spin is one in which the pilot is in a "head down"
position (the aircraft is spinning "on its back", i.e., is in in-
verted flight), and the aircraft is spinning at negative supercrit-
ical angles of attack of the central sections of the wings. Dia-
grams showing the difference in the position of the aircraft rela-
tive to the ground in normal and inverted flight will be found in
Figs. 4.19 and 4.20. For increased clarity of the basic features
of the regimes, all forms of normal and inverted spin in modern
aircraft of conventional design are divided into two basically
different groups: stable and unstable spins (see Fig. 4.18).

(a) UNSTABLE SPINS

Unstable spins are those during which the rotation of the
aircraft relative to its normal and longitudinal axes periodically
changes direction, or stops. Unstable spins are characterized by
highly non-uniform rotation with large-amplitude variations of
the motion parameters of the aircraft and periodic cessation of
the latter. The nose of the aircraft can spontaneously rise above
the horizontal position from time to time, or drop to the vertical,
and the absolute values of the roll angle can occasionally exceed
90°. In such regimes, there is usually a tendency toward a
spontanecus transition of the aircraft from spin in one direction
to spin in the other direction, or from normal to inverted flight
and vice-versa.

Unstable normal spins are of three types:

(1) Spins occurring in the form of pulses, with periodic in
creases and decreases of the oscillation of the aircraft:

(2) Spins occurring in the form of a leaf drop, along a spiral
trajectory;

(3) Spins, in the course of which the oscillations of the air-
craft increase.

Examples of these spins are shown in Figs. 4.21, 4.22, and

4,23, These figures show strip charts from flight recorders,
which were obtained during flight tests of supersonic aircraft in
spins. In left-hand normal spin involving wobble (see Fig. 4.21),

the amplitude of the oscillations of the angular velocities of roll
and yaw reach Aw, = 4 rad/sec and Awy = 1.4 rad/sec at different
moments in time. The wobble cycle is about 15 sec. Between these
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Fig. 4.19. Schematic Representation of the Nature of the /]
Motion of an Aircraft in a Normal Spin.

Fig. 4.20. Schematic Representation of the Nature of the
Motion of an Aircraft in an Inverted Spin.

cycles, the aircraft is seen to cease rotating relative to its ver- /13
tical axis (wy = 0). Within the limits of such a cycle, the oscil- ~
lations (or rather, autooscillations) of the aircraft occur with

an average frequency on the order of 2.5 sec.

The spin regime ‘represented in Fig. 4.22, resembling the fall
of a leaf along a spiral trajectory, 1is accompanied by periodic
changes in the rotation direction and abrupt changes in the air-
craft's position in space. Thus, for example, during the first
two seconds after stalling (¢ ~ 8 to 10 sec), the nose of the air-
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craft moves to the left, while the aircraft rolls over on its left
wing. After a short time (£ &~ 10 to 11 sec), the nose of the air-

craft shifts to the right, then to the left again (£ =~ 11 to 13 sec),

back to the right (£ &~ 13 to 16 sec, with the angular velocity of
roll changing its sign), etc. In other words, this regime involves
not only a periodic variation of the magnitude, but also of the
signs of the angular velocities of roll and yaw. The aircraft
flies as if it were rolling from one wing to the other, with alter-
nate turns of the nose: now to the right, now to the left (like a
falling leaf), while its center of gravity moves along a spiral
trajectory.

The regime of left-hand normal spin, during which increasing
oscillations arise (autooscillations) in the aircraft, is shown in
Fig. 4.23. It is clear from the graph that a definite increase
in the oscillations of normal force began approximately 10 sec
after the aircraft stalled. At the end of this time, the average
value of the normal force began to increase monotonically, and
its oscillations relative to its average value increased rapidly.
For example, 30 seconds after they began, the amplitude of the
oscillations reached An, = 5. During these oscillations, which
occurred with a period on the order of two seconds, the aircraft
flew now at small subcritical (value of #n, close to zero)}, now at
large supercritical angle of attack. Y
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Fig. 4.21. Example of Unstable Left-Hand Normal Spin, Occurring
in the form of Pulser.
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It should be noted that the wvalues for the

and flight altitude shown on these graphs,
and recorded on the strip charts of the flight recorders,

represent the actual values of these parameters.
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Example of Unstable Left

In particular,

4,23.
Involving Increased Oscillation of the Aircraft (A%
to 59 sec).

Fig.
indicated by the usual airspeed indicator aboard an aircraft (which

shows the static air pressure as well as the velocity head of the
flow) involve large errors, which cannot be taken into account in

practice.
and flight altitude during spin, which are indicated on the graphs,

the fact that at large supercritical angles of attack,



are mainly the result of errors in the instrument, caused by
variations of the angle of attack of the aircraft. The values of
Vinst and H shown on the graphs serve only to provide an approxi-
mate qualitative idea of the nature of the changes in these values
in a spin.

In the majority of cases, regimes of unstable spin can exist
for a long period of time with the control surfaces deflected during
spin, and cease only when the control surfaces are returned to a
neutral position. In some cases, however, the aircraft can spon-
taneously escape from spin even with the control surfaces deflected.
This involves an imcrease in the flight speed during the spin. The
flight regime in which the motion of the aircraft takes place with
successive alternations of entrance into a region of supercritical
angles of attack and emergence from it, with a constant increase in
the average values of the instrument flight speed and the normal
load factor, is called a progressive spiral spin. The increase in
the normal load factor during oscillation of the aircraft in such
regimes can reach values that are dnagerous from the standpoint of
the aircraft's durability. Hence, regimes of this kind must not
be allowed to continue for a long period of time: the pilot must
attempt to pull the aircraft out of such a regime as soon as pos-
sible. A clear example of such a regime is shown in Fig. 4.24, an
unstable normal spin involving flutter, with the aircraft falling
like a leaf along a spiral trajectory in the form of a progressive
spiral spin.

Unstable normal spin usually arises after stall at large (or
rarely, average) flight altitudes at the beginning of the regime.
With a high degree of longitudinal static stability of the air-
craft under force (forward alignment) and incomplete movement of
the control stick backward, unstable normal spin can even occur at
low altitudes. Unstable inverted spin arises, as a rule, when the
aircraft stalls at a great altitude when flying upside down or
nearly so (stall at negative angles of attack), and also in the
case of spontaneous entrance of the aircraft into unstable normal
spin at negative supercritical angles of attack. An example of
such spin is shown in Fig. 4.25. Flying experience has shown that
regimes of unstable inverted spin are encountered relatively
rarely in supersonic aircraft.

(b) STABLE SPINS

Stable spins are those in which the aircraft does not change
the direction of its motion, either in yaw (unchanging sign of the
angular velocity of yaw, w,) nor in roll (unchanging sign of the
average value of the angular velocity of roll wxav) and in which

the pilot doces not sense any suspension of motion. The latter
phenomenon in such regimes is relatively (an sometimes very) in-
tense and stable.
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Stable spins can be either oscillating or uniform. Stable /140

oscillating spin (a relatively unstable regime) may be accompanied

Vinst #

km/hr Km|
4800 12

1400 70

1300 &

1200 6t

0 m,

b1 T~
; '
Fobadege AR

Fig. 4.26. Example of Stable Oscillating Normal Spin
(At ~ 6 to 16 sec).

by variations in the angular velocity of roll that are very large
in amplitude (Figs. 4.26 and 4.27), but then the amplitudes of

the oscillations in the angular velocity of yaw are relatively
slight. The amplitudes of the oscillations of the vector component
of stress 7y, ny and ng in stable spin usually turn out to be much
less than in unstable spin.

Stable oscillating normal spins are found as a rule at middle
altitudes at the beginning of the regime, or with a relatively
small duration of the regime, i.e., in the transitional part of the
spin (see section 4.3). The aircraft can be placed in stable, os-
cillating, inverted spin by tilting the ailerons in a regime of
stable oscillating normal spin or by pilotage errors made in at-
tempting to pull the aircraft out of unstable or stable oscillating
normal spin. In stable inverted spin, the average absolute values
of the angular velocities of roll and yaw are usually relatively
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T Fig. 4.27. Example of Stable /141

P i
H xm :F b ; 1}' ‘ I Oscillating Inverted Spin.

1 g N i (At =~ 18 to 30 sec).

1 5 | \"{\\‘

» L r - \\> close to one another. Thus, iIn /142
Vinst | i ™~ particular, in the case of the
km/hy 1 : : 4N example shown in Fig. 4.27

500 Bl ]‘ B pal (t =~ 18 to 30 sec), the average
‘400‘.‘5"%\ Vinst /\//ii - value of the angular velocity of
" 300 DT LA TN %“ ' roll amounts to about wy &~ -1.2
7 j, | Vr% - ] rad/sec, while that of the angu-
p %0—+¢-- L4£ Ty i lar velocity of yaw is on the

f‘“”};f:\%ﬂvﬁ{‘““"?’“f7<' order of wyavf% 0.95 rad/sec.
- B 7]

TP k‘ff J T in\ Stable uniform spins occur

0 N f o] N at relatively small (sometimes

-7 7 7?/ 4/ practically zero) oscillation

Wy g Y 77T 11 amplitudes of the aircraft and
'ad{seq“fﬁJ¥N- -a&t \AJK\L”NA are characterized by an intense
LY } 13“\_“ M 1 and steady rotation of the air-

7 i g -1 - craft, with a stable maintenance
0 ZASNENEZSRREERENY N of the initial direction of this

TN P avaitiv rotation. Stable uniform nor-

=7 A 1 = mal spins are of two kinds (see

-2 g0 i '#. R 1 Fig. 4.18): with a moderate de-
;:: S gree of stability, and highly
$‘0§' SRR RRASENY stable. Stable uniform spin

X0 - HEERE T which has a moderate degree of

igg ._#1 stability, usually takes place

0 et 11} at average angles of attack in
VU%-Jﬂ*- I . the oy regime which are less

40‘% than 50 to 55°3 a large number

occur at agy on the order of

0
45° (for the determination of

ogyvs See section 4.3). Highly

stable uniform spin occurs, as

a rule, at average angles of

attack greater than 50 to 55°9,

usually about 60 to 70° but some-
times more. Such highly stable spin involves very intense rotation
of the aircraft (sic).

An example of uniform normal spin of the first type is given
in Fig. 4.28 (aa A~ 45°9), while the second type can be seen in
Fig. 4.29 (t = 35 to 45 sec, oagy =~ 60°). Stable uniform normal
spin usually arises at moderate and low altitudes, especially with
long duration of the regime (vertical spin, about which more will
be said in the following paragraph). As we have already pointed
out, spins of this kind occur in aircraft at high supercritical
angles of attack: agv >> agt, so that agy > 45° as a rule.
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Stable uniform inverted spin usually occurs at very high
absolute values of angular velocity or roll (on the order of 3 rad/
sec and more) with relatively low oscillation of the aircraft. It
usually arises as a result of pilotage errors in pulling the air-
craft out of a stable uniform normal stall, and more rarely, imme-
diately after stalling of the aircraft at initial negative angles
of attack at moderate and low flight altitudes. Examples of stable
uniform inverted spins are given in Figs. 4.30 (f =~ 29 to 38 sec)
and 4.31 (¢ ~ 53 to 59 sec).
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Fig. 4.28. Example of Stable Uniform Normal Spin /143

(At = 21 to 61 sec).
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Example of Stable Uniform Right-Hand Inverted

Spin (At ~ 29 to 38 sec).
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4.3. Peculiarities of Spin in Supersonic Aircraft /147

The spin regime may be thought of as consisting of two stages
(Fig. 4.32): an incipient section, and vertical spin. The tran-
sitional section of spin is that part of the regime which lasts
from the moment when autorotation arises following stalling of the
aircraft, until the moment when the spin axis becomes practically
vertical., The spin axis is the axis (midline) of spiral spin, i.e.,
the spiral which forms the trajectory of the aircraft's center of

Occurrence of stall
[

(¥
£
%
o,
Horizontal ?
flight

urds
[BOTII® A

ydt Stage of cessation
\ i;» of autorotation

Dive

2 \%
S A\®
m% Recovery from dive
)
5.
? V2l
Horizontal
= flight

Fig. 4.32. Schematic Representation of the Component
Stages in Spin and Escape from It.

gravity. Vertical spin begins at the end of the transitional sec- /148
tion and usually lasts until the aircraft begins to escape the spin.

Before proceeding to a discussion of the features of each of
these stages of spin in detail, let us find the formula for deter-
mining the average angle of attack and the sideslip angle of an air-
craft in a vertical spin, which are the most important characteris-

tics of the regime.

(a) TRANSITIONAL SECTION OF SPIN
With uniform initial conditions (Hg, my0s etc.), the transi-
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tional section of spin in supersonic aircraft is much more pro-
longed than in subsonic aircraft, due mainly to an increase in the
flying weights and minimum velocities in supersonic aircraft
(caused by an increase in the wing loading and a drop in the carry-
ing capacity of the wings). This is explained as follows:

Fig. 4.33. Diagram of Appearance of Autoneutralization of
Lift During Rapid Rotation of an Aircraft.

Let us consider schematically the motion of an aircraft after
stalling from an initial regime of straight-line horizontal flight.
To estimate the qualitative aspect of the phenomenon, let us assume
for the sake of approximation that in the presence of autorotation
the vector of 1ift of the aircraft, which is rotating along with
it, will be dirvected upward part of the time and downward part of
the time (Fig. u4.33). In fact, if the absolute value of the angu-
lar velocity of roll is sufficiently great, and its average value
is constant or changes relatively slowly, the lift of the aircraft
will appear to neutralize itself, and the net effect of the action
of the 1ift in such a case will be practically zero, as 1f the
1ift were completely nonexistent. This effect 1s called auto-
neutralization of 1lift.

Autoneutralization of 1ift, i.e., with its net effect equal
to zero, naturally does not exclude the influence of 1lift on the
trajectory of the aircraft at any given moment in time. In fact,
then, the trajectory of an aircraft in the transitional section of
spin is a helix, whose axis can be considered (in approximation)
as the trajectory of a freely falling body. When sufficiently
large angular velocities of roll are obtained, both of these tra-
jectories will come closer together, to the point where it becomes
possible (for the sake of approximation) to consider the trajectory /149
of the aircraft's center of gravity in the transitional section
of the spin as the trajectory of a freely falling body of the same
weight and the same initial velocity. Hence, we can assume for
the sake of approximation that the trajectory of the motion of an
aircraft, after stalling initially, resembles a parabola, then
gradually approaches a vertical straight line. The greater the
initial flight speed and weight of the aircraft (the greater its
reserve of kinetic energy), the longer this transition will last
and the longer will be the flying distance LI and the loss of alti-
tude AF in the transitional section of the spin (up to the point
when the trajectory of the center of gravity of the aircraft
approaches vertical).
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Fig. 4.34 shows the calculated trajectories of an aircraft
after stalling from various speeds, obtained under the gondition
ey = 1.25 = const, ¢, = 1.25 = const and G/S = 250 kg/m~ for vari-
ous values of the angular velocity of roll (Curves 1,2, and u).
Here, however, for the sake of comparison we have plotted the
parameters (obtained under these conditions) of the trajectory of
the aircraft's center of gravity, viewed as a freely falling body
(in the absence of 1ift: = 0, Curve 3). Compariscn of these
curves shows that at an angular velocity of roll wp = 1.5 rad/sec,
the trajectory of the aircraft's center of gravity after stalling
is already very close to the trajectory of a freely falling body.

As the altitude for the .beginning of stall incréases, the
transitional section of spin becomes more sloped and its length in-
creases, which is caused by an increase in the initial true flight
speed at which the stalling of the aircraft occurs: at a constant
reference pressure (g = const), an increase in altitude due to a
drop in air density means that the true flight speed will increase.
Increase of the true flight speed in turn evokes an increase in the
Mach number. A drop in c¢ygt under the influence of an increase in
the Mach number at high altitudes will cause an additional increase
in the flight speed at which stalling occurs.

In view of the relatively long duration of the transitional
section of spin, especially after stalling at high altitudes, the
pilot of a supersonic aircraft that has gone into a spin must deal
mainly with this transitional section, and not with the regime of

vertical spin. In the majority of cases, the pilot begins to pull
his aircraft out of the spin long before the vertical section of
it has begun. Therefore, the importance of the details of guiding

and piloting a supersonic aircraft in the transitional section of
the spin is considerably greater.

The motion of a supersonic aircraft in the transitional section
of a spin occurs usually very irregularly, with large oscillations,
sometimes with interruptions and even changes in the rotation
direction. The results of flight and ground tests indicate that
this is caused by the effect of a nonlinear shape of the aerody-
namic characteristics for the angles of attack and sideslip, the Mach
and Reynolds numbers, etc., as well as by the action of the gyro- /150
scopic moment of the engine and the effect of non-coincidence of
the axis of rotation of the aircraft with the direction of the
flight speed vector.

Non-coincidence of the axis of the aircraft's rotation with
the direction of the flight speed vector produces a change in the
angles of attack and glide during rotation of the aircraft (see
Chapter I). A significant change in the flight speed in the tran-
sitional section leads to a corresponding change in the Mach and
Reynolds numbers. In the presence of nonlinear aerodynamic char-
acteristics, the changes in these parameters lead to a noticeable
but mainly nonproportional, non-linear change in the aerodynamic
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moments and forces. These changes in the aerodynamic moments and
forces, as will be pointed out below, can occur very abruptly and
unevenly. Such changes can also lead to the occurrence of non-
uniform motion of the aircraft, with considerable oscillations.

The changes which then arise in the angular velocities of yaw and
roll cause changes in the corresponding components of the gyroscopic
moment, which are in agreement with the appearance of still greater
irregularities in the motion of the aircraft.

The end of the transitional section and the beginning of ver-
tical spin usually occur in connection with the change in the re-
gime characteristics, well-known to pilots. At the end of the
transitional section (this roughly corresponds to the beginning of
stable or rather quasistable descent of the aircraft), the rota-
tion of the aircraft becomes more regular, intense, and uniform.

The nonlinear character of the curve of the aerodynamic coef-
ficients and their derivatives for the angles of attack and side-
slip and the Reynolds and Mach numbers in supersonic aircraft can
be illustrated by the following examples.

Figures 4.35 and 4.36 show examples of the change in the co-
efficients of aerodynamic forces and moments of aircraft with
sweptback wings, as a function of the angles of attack and sideslip
The change in the derivatives of the coefficients of the aerodynam-
ic moments as a function of the Mach number was discussed in Chap-
ter I, but the change in the coefficients of the aerodynamic forces
as a function of this parameter is illustrated by the polars plot-
ted in Fig. 4.37. It is clear from the graph in Fig. 4.37 in par-
ticular that a typical feature of the changes in the polars with
transition from subsonic to high supersonic flight speeds is an
increase in the coefficient of drag with ¢4, = 0, caused by an in-
crease in the profile-wave and harmful drag of the nonsupporting
parts of the aircraft, and a decrease in the slope of the polars

relative to the abscissa, caused by an increase in the inductive
reactance with a rise in the Mach number.

Examples of the curves of aerodynamic coefficients as functions

of the Reynolds number are shown in Figs. 4.38 and 4.39. It is
clear from all of these graphs that the curves of these parameters
are essentially nonlinear. Such a nonlinearity of the aerodynamic

characteristics can lead to important changes in the parameters
of motion of an aircraft in a spin.

INFLUENCE OF THE POSITION OF THE ROTATIONAL AXIS

Let us examine the influence of the position of the rotational
axis of the aircraft on the characteristics of the transitional
section of spin. It was pointed out in Chapter I that the rotation
of the aircraft (in the general case) occurs relative to an axis
which does not coincide with the direction of its longitudinal
axis or with the direction of the flight speed vector. Changes in

131




the angles of attack and sideslip which arise as the aircraft ro-
tates, and the axis of rotation of the aircraft will be very close
to, or even practically coincident with, its longitudinal axis,
i.e., with the initial position of the rotational axis. In the
latter case, the aircraft can be viewed as a gyroscope, tending to
keep its rotatiomnal axis fixed in space.
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Fig. 4.35. Example of the Change in the Coefficients of the
Aerodynamic Forces of an Aircraft with Sweptback Wings, as a
Function of the Angles of Attack and Sideslip (M = 0.1; Re =
500,000).

Hence, the larger the ratios ]Mx a] lMy al and ]M Mg a|
and therefore the ratios of the angular velocities T Twy and
|wm| |mg| the closer the rotational axis of the alrcraft will be
to its longitudinal axis. Due to the increase of the mass differ-
ential in the direction of the longitudinal axis in supersonic
aircraft, roll will develop more rapidly than yaw and pitch, lead-
ing to an increase in these ratios of the angular velocities in
the transitional section of spin.

In view of the fact that the rotational axis of supersonic
alrcraft is located closer to its longitudinal axis than in sub-
sonic aircraft, while the critical angles of attack are much great-
er, the kinematic changes in the angles of attack and sideslip during
rotation of a supersonic aircraft after stalling increase. This
is explained by the following example:
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The stall angles in supersonic aircraft agy super are much
greater than the stall angles in subsonic aircraft, o . Since
the rotational axis 0z in supersonic aircraft (with aif %%Eer con-
ditions being equal) is located closer to the longitudinal axis
ox1 than is the case for subsonic aircraft, the angles ¥ between
these axes in supersonic aircraft are smaller: Ygyuper < Vgub (Fig.
4.40). TFollowing a stall, therefore, the angle begween the rota-
tional axis of the aircraft and the direction of the flight speed
vector in supersonic aircraft (¢dgypeyp) is much greater than in sub-
sonic aircraft (dgyp): 9super >> ®sub. This means, however, that
the changes in the angles of attack and sideslip during rotation of
a supersonic aircraft will be greater than in rotation of subsonic
aircraft.

Fig. 4.41 is a schematic representation of the changes in the
angles of attack which occur when the aircraft turns through 360°
relative to the axis of rotation 0C. We see from Figs. 4.40 and
L.,u4l1 that the greater the values oag+ and ¢-9, the greater will be
the changes in the angle of attack during the rotation of the
aircraft.

In view of the fact that in supersonic aircraft the rotational /155

axis 0¢ is close to the longitudinal axis ox;, when we consider the
kinematic changes in the angles of attack and sideslip, in the first
approximation it is possible to consider the rotation of the air-
craft as taking place relative to its longitudinal axis. The
assumption of such a simplification permits us to draw the gquali-
tative picture of the phenomenon more smoothly. Figure 4.42 shows
the progress of kinematic changes in the angles of attack and sideslip
during rotation of an aircraft through 360° relative to its longi-
tudinal axis ox;. This diagram, in particular, shows clearly why

in the case of supersonic aircraft in the transitional section of

a spin, the extreme values of the sideslip angle 8, as a rule, are
displaced with respect to the extreme values of the angle of attack
a by about 1/4 of a revolution.

Supersonic
Subsonic ; *y
: air
aircraft Y, craft i S
super
_L S Uper
®
&%
&

“st.super~®super >> %st.super®sub

Fig. 4.40. Diagram Showing the Reasons for an Increase in
the Kinematic Changes in the Angles of Attack and Sideslip in
a Supersonic Aircraft.
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Under the influence of the force of gravity (the 1lift practi-
cally neutralizes itself, see Fig. 4.33), the trajectory of motion,

4

| i T 1
HKep
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90N _1760] V270|360 Angle of rotation of an aircraft

i Z
—(y)-sé){i»{—--—%—— >’-{’ I } ? relative to axis Qg

Fig. 4.41. Diagram of Kinematic Changes in the Angle of
Attack with Rotation of the Aircraft Relative to the Axis 0g.

i.e., the flight speed vector of the aircraft in the transitional
section of the spin, moves downward. Supersonic aircraft, much
more than subsonic aircraft, have a characteristic tendency to re-
tain the initial direction of the rotational axis. Like a gyro-
scope, the "spinning" aircraft attempts to keep its axis of rota-
tion fixed in space. The large ratio J,/Jx makes it much easier
for the aircraft to spin on its longitudinal axis oxz; than on its
transverse axis o0z;.

However, due to the large angle of attack of the empennage /156
(a large angle between the axis ox; and the flight speed vector V),
a relatively greater aerodynamic force acts on the latter, tending
to push the nose down. The nose of the aircraft drops slowly under

&
'rv~" Fig. 4.42., Diagram of
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the influence of these forces, but the rotational axis of the air-
craft follows the changing direction of the speed vector (but with
some lag) (Fig. 4.43). Ultimately (at average altitudes, usually
in 15 to 20 sec, but occasionally longer), the speed vector and
then the rotational axis of the aircraft assume a vertical position
or one very nearly so, i.e., their directions practically coincide,
and vertical spin begins.

In connection with the increase in drag of the aircraft ¢, at

supercritical angles of attack after stalling, the flight speed be-
gins to drop, thus leading to a reduction of the values of the
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aerodynamic moments. However, since the resultant aerodynamic mo-
ments are proportional to the square of the speed, while the auto-
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_J\\“\ ) . .
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Wyl i
4 P % Yro
3. y=90° SN/
wWe#

4.y =180°

0> 2> 95> @, S N7
Average

ﬂlghttragectory

Fig. 4.43. Explanation of the Reasons for the Reduction of
the Angle ¢ Between the Average Direction of the Flight
Speed Vector and the Average Direction of the Longitudinal
Axis of the Aircraft During the Transitional Section of Spin.

rotational moment is proportional to the speed in the first stage 157
[y PHV )
(M = M¥wy = mwaZz i wge), the latter will decrease more slow-
auto X x L

ly with a drop in speed. This reduces the speed at which the axis
of rotation approaches the direction of the flight speed vector, so
that the aircraft acts more like a gyroscope, tending to retain its
rotational axis in the original position in space.

CHANGES IN THE ANGLES OF ATTACK AND SIDESLIP

In view of the fact that the critical angles of attack for
supersonic aircraft are relatively large (on the order of 30° and
more, see for example Fig. 4.35), these aircraft begin rotating
(after stalling) relative to an axis located at a relatively steep
angle to the speed vector. Consequently, changes in both the
angle of attack and the sideslip angle in supersonic aircraft in these
regimes are very large (particularly when we take into account the
change in the direction of the flight vector under the influence

of gravity).

For a clear qualitative estimate of the influence of changes
in the angles of attack and sideslip on the transitional section of
spin, let us examine the approximate nature and reasons for the
changes in these angles during a single revolution of the aircraft
under the influence of the basic factors. The motion of the air-
craft will be considered as taking place with the control surfaces
deflected during spin (see Chapter V), and with neutral ailerons.
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For the sake of simplicity (the qualitative aspect of the phenom-
enon will not be affected), we will not mention the damping and
spiral aerodynamic moments. While the aerodynamic moments

MyB = Ms 8 and Mga = Mg o will be merely considered as having fixed

sign (restoring) over the entire range of changes in a and B. We
shall begin by studying yaw. In view of the above assumptions, we
will consider it to be dependent upon the following five factors:

(a) The aerodynamic moment produced by tilting the rudder
during spin;

(b) The gyroscopic moment of the engine rotor;

(c¢) Failure of the rotational axis of the aircraft to coincide
with the flight speed vector, causing changes in B of the type
shown in Fig. 4.u42;

(d) The destabilizing inertial moment of yaw;

(e) The restoring aerodynamic moment of yaw, tending to pre-
serve the initial sideslip.

The pitching moment can be viewed similarly. /158

The effect of these factors during one revolution of the air-
craft (i.e., its revolution through 360° relative to the rotational
axis, which does not coincide in the general case with the direc-
tion of the flight speed vector) in the transitional stage of spin
is shown in Tables 4.1, 4.2, 4.3, and u..4.

Even such a highly simplified analysis shows that the motion
of the aircraft along the transitional section of a spin can be
highly nonuniform and be accompanied by significant oscillations

of the aircraft. 1In reality, the motion of the aircraft in this
section is subject to the influence of a number of additional
contradictory factors. In particular, one of the most important

(as a rule) is the existence in all aircraft of a nonlinear curve
of aerodynamic coefficients in the supercritical region, which
considerably aggravates the irregularity of the motion and oscil-
lation of the aircraft.

It was mentioned earlier that the greater the ratio ‘wx|:|wy],
the closer the rotational axis of the aircraft is located to the
longitudinal axis (all other factors being equal), -and therefore
the more intense the oscillations and irregularity of the air-
craft's motion. 1In other words, under comparable conditions the
oscillations and irregularity of motion of an aircraft will in-
crease as the relative value of the angular velocity of yaw de-
creases, as 1s the case (as a rule) during the transitional section
of spin. It should also be pointed out that in supersonic air-
craft the changes in the angular velocity of yaw during spin are
ifuch smaller than the changes in the angular velocity of roll. The
latter can change very abruptly and over a relatively wide range.
this 1s also explained by the higher mass differential in the direc-
tion of the longitudinal axis, as well as by the higher drag of the
Fuselage (which has greater length) and the empennage (which has a
relatively greater area) in supersonic aircraft.
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(b) VERTICAL SPIN

If at the beginning of the transitional section of a spin we
can consider that the rotation of the aircraft takes place relative
to its longitudinal axis (or nearly so), then at the end of this
transitional section this assumption becomes untenable. During
the process of the development of the transitional section of the
spin, the rotational axis of the aircraft comes closer and closer
to a direction which is tangent to the flight trajectory. 1In a
vertical spin, the aircraft still revolves around an axis which is
close to (and in somg cases actually coincides with) the direction
of the speed vector 7. In vertical spin, then, the average posi-
tion of the spin axis, i.e., the vector of the angular velocity of
rotation of the aircraft §, usually coincides with the vertical

(or nearly so). The direction of the flight speed vector of an
aireraft in a vertical spin usually forms a relatively small angle
with the vertical. The approach of the axis of rotation to the

direction of the flight speed vector produces a decrease of the
oscillations and irregularity of the aircraft's motion in the
regime.

The differences in the aerodynamic, design, and weight compo-
nents of supersonic aircraft also cause them to exhibit signifi-
cant differences in the characteristics of vertical spin, in com-
parison with subsonic aircraft. Comparative characteristics of
vertical spin for modern and old, subsonic alrcraft are shown in
Fig. u4.u44 (average values are shown for the angle of attack, angu-
lar velocity, and rate of descent for these aircraft in a spin).
These data were obtained by analysis of a number of spins, performed
beginning at initial sltitudes on the order of 5 to 8 km, with
stalling at minimum speeds. The measurements were made (for example)
about 20 to 25 sec after the regime began, during which time the
control surfaces were completely deflected for stall and the ailerons
were in a neutral position.

An analysis of the characteristic curves for vertical spin of
supersonic aircraft and subsonic aircraft can begin with one of
the most important parameters, the angular velocity of roll. The
mean angular velocity of roll in a supersonic aircraft in a spin,
as a rule, is smaller than in subsonic aircraft (see, for example,
Figs. 4.21, 4.22, 4.44, and 4.45). A decrease in the angular
velocity of roll in a spin makes it easier for the pilot to orient
himself and reduces the stresses acting on him in this regime.

For this reason, pilots sometimes say that when the initial and
other conditions of a supersonic aircraft are the same, the air-
craft spins "more quietly" than does a subsonic one (even though
the presence of a considerable degree of nonuniformity of rotation
and frequently large oscillatbns affect supersonic aircraft in
this regime.
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TABLE 4.1

INFLUENCE (DURING ONE REVOLUTION) OF VARIOUS FACTORS ON THE SIDESLIP OF AN AIRCRAFT AFTER

SPIN, FOLLOWED BY ENTRANCE INTO RIGHT-HAND NORMAL SPIN
Effect of et ol Al | fect of Effect of
Quarters Tilting Effect of the Rotational Ineptial Aerodynamic
of a the Rudder Gyroscopic - L. RO Restoring
. axis to coincide| Destabilizing
Revolution to the Moment . . Moment of
picht with the flight moment of yaw Y aw
& speed vector
I Left-hand Right-hand Right-hand Impedes change
sideslip sideslip sideslip Increase of in angle B.
I angle B8 in
absolute
value
II n n " " 1" 1" 1 " "
III " " Left-hand Left-hand " " "
sideslip sideslip
IV " " " 1" " 1" 1 1" 1"
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TABLE 4.2

EFFECT DURING ONE REVOLUTION ON VARIOUS FACTORS ON THE ANGLE OF ATTACK AND THE INCLINA-
TION OF THE LONGITUDINAL AXIS OF AN AIRCRAFT FOLLOWING A STALL WITH SUBSEQUENT ENTRANCE
INTO RIGHT-HAND NORMAL SPIN

Effect of ‘ Effect of Ail-
elevator, ure of axis of Effect of Effect of
Effect of . . .
Quarters of] produced | Gvroscopic rotation to Inertial Aerodynamic
Revolution ! by pullind ﬁ © pre. coincide with Destabilizing Restoring
control { oment ‘ flight speed Moment of : Moment of
stick ‘ ' vector Pitch . Pitch
backward
I Increase | Increase | Increase in Increase of Impedes change
in angle *in angle E angle o, nose angle o in in angle o (with
a,nose of { &, nose of’ of aircraft absolute value,| an increase in a
aivcraft laircraft ; goes down nose of air- the nose rises,
goes up i goes up } craft goes up | with a decrease
l : i in o the nose
1 ; | falls).
II Increase ' Increase " ! Increase of Impedes change in
in angle Ein angle ; angle o in I angle o (with an
a, nose of a,nose of i absolute value, increase in a the
aircraft . aircraft nose of alr- ' mnose falls, with a
(

goes down , goes down craft goes decrease in o the

down. . nose rises).

III " " Increase in u ‘ "
angle a,nose

of aircraft

E goes up !
. t
v Increase :Increase " Increase of 5Impedes change in
in angle ' in angle angle a in angle o (with an
&, nose of a, nose of i absolute value, increase in o the
aircraft aircraft ‘ nose of air- nose rises, with
goes up ,goes up : : craft goes up. a decrease in o

‘ the nose falls).
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TABLE 4.3.

EFFECT OF VARIOUS FACTORS ON SIDESLIP DURING ONE REVOLUTION OF AN AIRCRAFT FOLLOWING A
STALL WITH SUBSEQUENT ENTRANCE INTO LEFT-HAND NORMAL SPIN

Effect of Effect of
Quarters offTilting gfiigzoofc Failure of Effect of i:izgtnziic
Revolution 'the Rudder Y P Rotational Inertial yo
Moment . . PR Restoring
to the Axis to coin- Destabilizing
. . Moment of
left cide with Moment of yaw
- . Yaw
' flight speed
; vector
i ;
I Right-hand Right-hand Left-hand Increase in Impedes change
sideslip : sideslip sideslip angle B in in angle
: ) absolute
‘ value
II ' n 1" 1" A1 1"
III ! " Left-hand Right-hand " "
sideslip sideslip ‘
IV ! " " " n "
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TABLE 4.4

CHANGE (DURING ONE REVOLUTICN) OF THE INFLUENCE OF VARIOUS FACTORS ON THE ANGLE OF ATTACK
AND THE SLOPE OF THE LONGITUDINAL AXIS OF THE AIRCRAFT FOLLOWING STALL WITH SUBSEQUENT
ENTRY INTO LEFT-HAND NORMAL SPIN

Quarters of
Revolution

Effect of
elevator,
produced
by pulling
control
stick
backward

Effect of
Gyroscopic
Moment

Effect of fail-

ure of axis of

rotation to

coincide with

flight speed
vector

Effect of
Inertial

Destabilizing

Moment of
Pitch

Effect of
Aerodynamic
Restoring
Moment of
Pitch

II

ITI

Iv

Increase
in angle

"ajnose of
,aircraft

rises.

Increase
in angle
o3 nose of
aircraft
falls.

Increase
in angle»
a3 nose of
aircraft
rises.

. craft falls.

Decrease in
angle a;
nose of air-

Decrease in
angle a;
nose of air-’
craft rises.

Decrease in
angle a;

nose of air-
craft falls.

Decrease in
angle ao; nose

of aircraft falls

Increase in
angle a3 nose
of aircraft
rises.

. Increase of
" angle a in
absolute value;

nose of air-
craft falls.

Increase of
angle o in

absolute value;

nose of air-
craft falls.

Increase of
angle a in

absolute value;

nose of air-
craft rises.

Impedes change in
angle a (when a
increases, the

. nose rises; when

angle o decreases,

| the nose falls).

Impedes change in
angle o (when o
increases, the
nose falls; when
o decreases, the
nose rises).

1"

Impedes change in
angle o (when o
increases, the
nose rises; when
o decreases, the
nose falls.




Fig. 4.uu4. Changes in Spin Charac- /161
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The decrease in the mean angular velocity of rotation of the air-
craft iIn a spin is explained mainly by the increase in the mass
distribution along its longitudinal axis, as well as by an increase
in the length of the fuselage, which increases the drag produced

by the fuselage itself and the empennage.

The average angle of attack of supersonic aircraft in a spin
gy is usually much greater than in subsonic alrcraft (see Fig.
4.uu)., This 1s due mainly to the increase in the inertial moment
of pitch, produced by centrifugal forces acting on the masses dis-
tributed along the length of the fuselage (see Fig. 4.17), as well
as the increase in the critical angles of attack in supersonic air-
craft. It is clear from Fig. 4.44 that the average angles of
attack in normal spin for modern supersonic aircraft under the con-
ditions with which we are dealing, fall within the 1imits of 50° +
(5 to 10°), varying mainly between u45° and 50°. 1In the case of
subsonic aircraft used in World War II, the average values for the
angle of attack in normal spin were usually on the order of 28 to
35°, i.e., much smaller.

The rate of descent for supersonic aircraft in a spin is much
greater than for subsonic aircraft (see Fig. 4.44). This is due
mainly to the increased wing locading and the deterioration of the
left of the latter. The drop in the mean angular velocity of ro-
tation wsy Means that the average radius of spin rzy in supersonic
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aircraft is greater. This is because the value of the average spin 163
radius (radius of the spiral spin) is given by the following ap-
proximate relationship:

r = y g

av wiy,tanazy

Despite the increase in tan agvy, the value r i, also increases,
since a drop in the mean angular rotational velocity, which appears
squared in this equation, is predominant (see, for example, Fig.
bouy),

{e) DIVERSITY AND INSTABILITY OF SPIN CHARACTERISTICS

The expansion of operating flight ranges, Mach numbers and in-
strumental flight speeds, increase in the effectivness of control
surfaces and ailerons at subsonic speeds, transition to wings and
empennages with greater sweepback angles, an increase in the thrust-
weight ratio (especially involving an increase in the effect of the
gyroscopic moments of the engine rotors), etc., have all contributed
to the fact that the spin characteristics of supersonic aircraft
are much more diverse and unstable than is the case for subsonic
aircraft. A given supersonic aircraft may exhibit spin character-
istics which are quite different, depending on the initial condi- /164
tions for entrance into spin, the duration of the regime, the T
position of the control surfaces and ailerons during spins, etec.

As a rule, supersonic aircraft are subject to more irregular motion
and greater oscillation during spin periods.

IRREGULARITY AND INSTABILITY OF SPIN

Irregularity and instability (changes with time) in .the regime,
especially at high flight altitudes, are one of the most important
features of spin in supersonic aircraft. The main reasons for the
occurence of these phenomena were mentioned previously in the
discussion of the transitional section of spin: nonlinearity of the
aerodynamic characteristics, the action of the gyroscopic moment
of the engine, and the effect of failure of the rotational axis of
the aircraft to coincide with the direction of the flight speed
vector (the latter occurs mainly during the transitiohal section
of spin).

Modern supersonic aircraft are most often prone to regimes of
unstable normal spin, which occur very irregularly and involve
considerable oscillation of the aircraft, often with interruptions,
and frequently changing direction of rotation. Occasionally,
regimes of unstable spin are observed which take place with consid-
erable variation of parameters and terminate with the ailrcraft
emerging from spins by itself (with the control surfaces tilted
with spin and neutral ailerons). These regimes are of two types:
falling along a spiral trajectory like a leaf, and increasing in
oscillation. The occurence of these regimes is caused primarily
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by the presence of a sharply pronounced nonlinear pattern of
aerodynamic coefficients and especially by those coefficlents of
aerodynamic moments of yaw and pitch which depend on the angles of
attack and sideslip.

REASONS FOR WOBBLE AND FLUTTER

Spin which involves wobbling of the aircraft (see Fig. 4.21)
is the result of superposition of two forms of oscillation, occur-
ring at very similar frequencies. Studies have shown that the
occurrence of such oscillations in an aircraft is possible under
the influence of a nonlinear pattern of coefficients of aerodynamic
moments of yaw and pitch (of the type shown in Fig. 4.U46).

The interaction of the aerodynamic and inertial moments (in
particular) and forces with essentially nonlinear relationships
between the changes in the aerodynamic coefficients with angle of
attack and sideslip, can lead to very pronounced changes in the mo-

tion parameters of an aircraft in this regime. This interaction
can produce periodic movements of the aircraft at large super-
critical and relatively low subcritical angles of attack, with /16:

periodic spontaneous interruptions in this rotation, sometimes
even involving transition of the aircraft from spin in one direc-
tion to spin in the opposite direction, thus causing the aircraft
to flutter downward like a leaf. Studies have shown that the spin
regime which takes place under these conditions, with the aircraft
falling downward like a leaf along a spiral trajectory (see Fig.
4.22), can occur particularly when nonlinear relationships

mgz = f(a) and my = F(B), of the type shown in Fig. 4.46 and 4.47
are in existence.

ma k 7y T
K xp — ,

(8 oc,(p &

Fig. 4.46. Examples of Posgible Nonlinear Curves
m, = f(a) and my = ¢(a).

INCREASE IN FORCE AND DIVERSITY OF REGIME

Supersonic aircraft characteristically show a considerable
increase in the average values of force in relatively prolonged
regimes of unstable spin. Thus, for example, in the spin shown in
Fig. 4.24, the average normal force Myav begins to increase about
16 sec after the beginning of the regime (i.e., approximately at
the end of the transitional section of spin), and after 25-30
seconds following the beginning of the regime, the value nyav
exceeds ny = 2. Investigations have shown that such an increase in
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Nyay Can occur at both fixed and decreasing average angles of
attack during spin. This is due to an increase in the instrument
speed (reference pressures) during the regime.

The diversity of spin regime in
supersonic aircraft is explained in

m, particular by the fact that a given
aircraft can show many different forms
and varieties of spin, depending on
a number of factors. Thus, for exam-
I ' B ple, as shown in Fig. 4.22, a regime
\\\v///// of unstable spin which occurs with the
aircraft fluttering downward along a /166

trajectory like a leaf, and the regime
of very stable uniform spin, shown in

Fig. 4.47. Example of the Fig. 4.29, were obtained during the
nonlinear relationship flight of a single aircraft.
my = F(B).

Supersonic aircraft frequently
have various external structures (supports for fuel tanks and jet
engines, etc.). The presence of these structures further increases
the diversities of regimes, and often causes an increase in the
oscillations of the aircraft during spin, thus increasing the irreg-
ularity of its motion in this regime.

4.4 Engine Operation During Spin

Modern supersonic aircraft as a rule are equipped with turbo-
jet engines (TJE). The operating regime of a TJE can have a
considerable influence on the spin characteristics. In a spin
which occurs with the engine in operation, the aircraft is subject
to other forces and moments besides those discussed above (see

section 4.1): the thrust of the engine, the moment consisting of
the thrust of the engine relative to the center of gravity of the
aircraft, and the gyroscopic moment. In addition, considerable

influence on the characteristics of spin can be exerted by the
normal and side forces which arise as a result of the rotation

of the incident airflow upon entering the air intake. Significant
influence can also be produced by a change in the nature of the
airflow over the nose section of the fuselage (when the air intakes
of the aircraft are located in the nose), depending on the opera-
ting regime of the engine and the changes in the effectiveness of
the empennage under the iInfluence of the compressing effect caused
by the flow of air from the exhaust nozzle of the jet engine. Hence,
changes in the operating regime of the engine can change the char-
acteristics of the spin of the aircraft considerably.

On the other hand, the operating conditions of the engine
itself, (more precisely, the entire power unit of the aircraft as
a whole) differs markedly during spin from the operating conditions
of the same engine under all other (operational) flight regimes.
In other words, spin involves a mutual effect of the operational
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effect of the engine on the spin chardcteristics, and vice versa.
Let us look at both of these problems briefly.

(a) OPERATIONAL CONDITIONS FOR AN ENGINE DURING SPIN

When a supersonic aircraft is spinning, the TJE operates in
non-calculated conditions in which it is especially possible that
the engine will stop as a result of pumping breakdowns, while the
piston engines of subsonic aircraft generally operate without any
difficulty. Sometimes, it is true, there were cases when the pis-
ton engines were choked because the propeller of the aircraft be-
came too '"heavy" for the motor, operating iIn a low-gas regime. How-
ever, this was not dangerous to the engine itself (no overloads or
other unpleasant undesired effects were imposed on it). We can /167
therefore state that in all cases when an aircraft fell into a spin,
the piston engines required practically no additional attention
from the pilot.

The first jet aircraft (for example, the MIG 15, MIG 17, etc.)
were equipped with engines using centrifigal compressors, which are
less sensitive to conditions at the intake than are engines with
axial compressors. Therefore, controlling the engine during spin
did not pose any particular difficulties for the pilot in such air-
craft any more than it did in aircraft with piston engines.

Engine failures in aircraft fitted with centrifigal compressors
were not observed in spins. These engines operated normally in
stalls, spins, and when emerging from spins.

The transition to engines with axial compressors led to a
deterioration of the operational stability and the appearance of
engine failures during spins. This was because the engines with
high-pressure axial compressors which are used in modern super-
sonic aircraft are very sensitive to irregularities in the pressure
field at the engine intake. However, with the air intake used on
modern supersonic aircraft, flight at large angles of attack and
sideslip, and also at large angular rotational velocities and angular
accelerations (with considerable oscillations) cause the aircraft
to show considerable irregularity of flow into the intakes of the
power plant. As a result, the pumping of the engine may be in-
terrupted. In other words, the conditions for engine operation
during spin, in the case of a supersonic aircraft, are less favor-
able (especially at high altitudes) than was the case in subsonic
aircraft. Such a situation requires that the pilot give increased
attention to the operation of the engine when a supersonic air-
craft enters a spin.

In the case of supersonic aircraft with TJE's, which have
stalled as a result of interruption of pumping without any further
dangerous increase in gas temperature (which could lead to over-
heating of the engine), the pilot must see to it that the engine
is started in time and correctly after the aircraft has emerged
from the spin. This means in particular that the aircraft must
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first be speeded up to ensure reliable starting of the engines and
that the pilot must make certain other additional moves after the
aircraft has emerged from spin.

In aircraft with TJE's, in which an intense temperature in-
crease of the gases can occur after the engine has cut out, the
pilot must devote additional time to dealing with the problem.

When the spin begins, the pilot must immediately shut off the engine
(switch it to a regime of autorotation). If he does not do so,

the pilot may be unable to follow the changes in the gas temperature
in the engine during pumping (i.e., he may not notice when the
moment ©Of pumping occurs, having unexpectedly fallen into such a
complex nonoperational flight regime as spin) so that the TJE

may overheat.

(b) EFFECT OF OPERATIONAL REGIME OF THE ENGINE ON SPIN
CHARACTERISTICS

On the whole, the effect of the operational regime of the
motor on the spin characteristics in jet aircraft is much smaller
than in aircraft with piston engines., This is explained by the
absence of reactive moments and a smaller effect of the gyroscopilc
moment in aircraft with TJE's as well as by the absence of any
blowing of currents from the propeller over the surface of the air-
craft, which in some cases has played a crucial role in the spin
of aircraft with piston engines. The influence of the operational
regime of the engine on the characteristics of spin in supersonic
aircraft is explained primarily by the gyroscopic moment which is
formed by the rotating TJE rotor.

In modern supersonic aircraft the influence of the gyroscopic
moment of the engine is greater than the older jet aircraft. The
reason for this is to be found in the increased absolute values of
Jpwp in the TJE's of supersonic aircraft, related to an increase in
their thrust-weight ratio. The nature of the changes in the abso-
lute value of Jpwp in Soviet-built aircraft of the period following
World War II can be determined by examining the aircraft designed
by A. I. Mikoyan and M. I. Gurevich. Table #.5 shows the parame-
ters which characterize the values of the gyroscopic moment of the
TJE rotor in these aircraft, with values of wp which correspond to
the revolutions in autorotation of their engines during spin at al-
titudes on the order of 8-10 km.

Chapter I contained a formula for determining the magnitude
and direction of the action of the gyroscopic moment. This rela-
tionship can be expressed more conveniently by means of the
following simple rule.

To determine the direction of the additional motion of the
aircraft nose, which is produced by the action of the gyroscopic
moment, we must turn the arrow showing the direction of the forced
motion of the nose of the aircraft (as seen from the cockpit)
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TABLE 4.5,
CHARACTERISTICS OF GYROSCOPIC MOMENTS OF ENGINES IN SOVIET-BUILT
ATIRCRAFT DESIGNED BY A.I. MIKOYAN AND M.I. GUREVICH.

Ajrcraft

MIG-9 MIG-15MIG-17MIG~19 MIG-21

Parameter of
gyroscopic moment

Ueool kg*m/sec 4.4 59,6 105 192 255
ij“’l‘i
7 rad/sec 0,0280 | 0,0298 | 0.0429| 0.0433] 0.0481
ypapl
- "radfsec 0.0326 | 0,0331 | 0.0488] 0,05120 0.0517
z

through 90° from the direction of rotation of the engine rotor.
Turning the arrow in this way shows the direction of motion of
the aircraft nose under the influence of the gyroscopic moment.
Fig. 4.48 shows a diagram which clearly illustrates this rule.

It is particularly clear from this drawing that with left-
hand! rotation of the engine rotor (wp < 0), during left-hand spin

the nose of the aircraft will turn to the left (w, >0), thus causing

an additional motion of the aircraft so that it enters a dive

/169

(wz < 0) under the influence of the gyroscopic moment; see Fig. U4.48a.

This produces a drop in the average angle of attack. In this case,

dropping of the aircraft nose (see Fig. 4.48,c) causes a drop in
the angular velocity of yaw, which in turn reduces the action of
the gyroscopic moment directed toward lowering the nose of the
aircraft, etc. Hence, the action of the gyroscopic moment in this
spin regime reduces the average angle of attack and the angular
velocity of roll: their variations, on the other hand, increase.
An increase in the oscillations of the angular velocity of yaw
cause an increase in the oscillation of the angle of sideslip.

The nature of the influence of the gyroscopic moment on the
characteristics of spin are uniform and exist to various degrees
in all aircraft. The greater the absolute value of oscillations
im the angular velocity of rotation of an aircraft during spin
(with constant Jpwp), the more strong and abrupt the influence of
the gyroscopic moment will be. These results are supported by
data from flight tests of modern aircraft. It is clear from the
example shown on Fig. 4.49 that in the supersonic aircraft in
question, which was fitted with an engine with left-hand rotation,
the oscillations are much greater in left-hand spin (By5; pax ~ 11,
than in right-hand spin (A, pax =~ 0.1).

! Left-hand rotation takes Place counter-clockwise as viewed by an
observer seated in the cockpit and looking forward (GOFT 1630-46).
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The nature of the change in the average values agy and Wyav in
right-hand and left-hand spin also confirm the statements made
above. An analysis of the results of flight tests for different
airecraft during spin shows that in supersonic aircraft, the differ-
ence between right-hand and left-hand spins (the influence of the
gyroscopic moment of the TJE rotor) are much greater than in sub-
sonic jet aircraft. This conclusion is also supported by a compar-
ison of the values of maximum oscillations in lateral force and
angular velocity of roll in right-hand and left-hand spins for the
following aircraft: MIG-9, MIG-15, MIG-17, MIG-19, and MIG-21l, as
shown in Table 4.6. i

TABLE 4.6.

Aircraft l ! I
MIG-9 MIG~15MIG-17MIG-19MIG-21

o |

Spin parameter

Awy)
(Ay) left 1,00 | L1 1.25 | 135 | 1.5
(40y) right
(Anz)left ]>——- | | i
: 1.1 | 1.6 1.4 1.65 1.77
(A right ’ |

4.5 Influence of Initial Altitudes and Flight Speeds
(a) INFLUENCE OF ALTITUDE

The increase in the flight altitude of supersonic aircraft,
whose dynamic ceilings at the present time approach 50 km, means
that there is a possibility of stalling and spin at very high al-
titudes.

In particular, according to reports in the foreign press dur-
ing December, 1964, the famous test pilot and director of the test
pilot school at Edwards Air Force Base in the United States,
Charles Yeager, fell into a spin at an altitude at 30.8 km. This
took place in a Lockheed NF-104A, while he was making a preparatory
flight before attempting to set a new world record for altitude
(flight at the dynamic ceiling). After repeated unsuccessful
attempts to pull the aircraft out of the spin, Yeager was forced
to bail out.

The initial altitude can have considerable influence on the
spin characteristics (see Fig. 4.50). The tendancy of supersonic
airecraft to go into a spin considerably increases the irregularity
and instability of this regime at high altitudes. In the event
of stalling at high altitudes, the oscillations increase consider-
ably and the rate at which the aircraft falls into a spin also is

= 7
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Left-hand rotation Right~hand rotation
of engine rotor of engine rotor

«——>. Direction of forced motion of

aircraft nose, produced by its
rotation in a spin regime
Direction of additional motion of
aircraft nose, produced by the
effect of the gyrosqopic moment

Fig. 4.u48, Diagram Illustrating the Direction of the Action
of the Gyroscopic Moment of the Engine Rotor.
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greater; the difference between the vregimes of right-hand and left- /172
hand spin increases as well (see Fig. 4.51). The aircraft spins

with very little stability or even with no stability at all.

Frequently, the motion of the aircraft in such a spin is very ir-
regular. The periodic rotation of the aircraft speeds up and slows

down and sometimes stops briefly.

The increase in the rate of descent of the aircraft during
the spin, which accompanies an increase in the flight altitudes,
is caused mainly by the fact that with a constant value of instru-
ment speed, (constant velocity head), the actual flight speed in-
creases with increasing altitude. An increase in the difference
between the regimes of right-hand and left-hand spin is explained
by the increase in the influence of the gyroscopic moment of the
TJE. The latter is caused in turn by an increase in the number
of revolutions during autorotation at high altitudes (if spin oc-
curs with the engine not operating).

~
=
~J
=

In the case of spin which takes place after stalling at high
altitudes, there are (as a rule) very considerable oscillations in
the angular velocities, the angles of slope of the aircraft, the
angles of attack and sideslip, as well as the corresponding load
factors. In the case of spin at high altitudes, the relationship
of the average absolute values of the angular velocities of yaw and
roll are usually much smaller than is the case at lower altitudes.
Longitudinal oscillation of the aircraft may be accompanied by chan-
ges in the pitch angle which are so great that the nose of the air-
craft (in a regime of normal spin) periodically rises above the ho-
rizon and then dips down until it is in a vertical position (or
nearly so). The roll angle can then change within limits of + 180°
and more; the aircraft may periodically go on its back.

All of these factors considerably hamper visability of the
horizon (even under excellent meteorlogical conditions, the pilot
usually sees only a part of the line of the horizon), and consid-
erably complicates the orientation of the pilot, i.e., it is much
more difficult for him to have a correct idea of the nature of
the motion of the aircraft and its position in space. The reduction
in the stability of the aircraft motion in this regime and the in-
crease in the irregularity of the rotation increases (or creates,
if it is absent in spin at relatively low altitudes) a tendency
towards a spontaneous periodic pausein the aircraft rotation
(wy, = 0) and even causes 1t to make a transition from normal spin
in one direction to normal spin in the other direction, from right-
hand to left-hand, and vice versa (with fixed position of the
controls).

A reduction in the stability of the aircraft motion and an
increase in the longitudinal oscillation (changes in the amplitudes
of the angle of attack) increases the tendency of the aircraft to
make a spontaneous transition from normal to inverted spin and vice
versa with the control surfaces in the same position as they were
when the spin began.
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As a rule, the motion of supersonic aircraft in normal spin
at high altitudes involves flutter, with the aircraft falling down-

ward along a spiral trajectory like a leaf. This may involve
wobble, or more rarely, increasing oscillation of the aircraft in
the regime. All of this means that even a very experienced pilot

will find it difficult under such conditions to differentiate a
right-hand spin from a left-hand spin and normal flight from in-
verted flight.

Figure 4.52 shows an example of the change of characteristics
of spin for a supersonic aircraft as a function of altitude. The
data shown in Fig. 4.52 were recorded 20-25 seconds after the air-
craft stalled at a minimum velocity (”yo ~ 1) with the control
surfaces tilted with stall and the ailérons in a neutral position.

Ground and flight tests show that such a considerable influence
of the initial altitude on the spin characteristics is explained
not only by the actual reduction in the air density at high alti-
tudes, but also (and primarily) by the influence of changes in
parameters such as the Mach and Reynolds numbers. Changes in the
latter affect the aerodynamic coefficients and their derivatives
according to the angles of attack and sideslip, thus producing a
considerable intensification of the nonlinear pattern for these
relationships. A drop in the aerodynamic damping and an increase
in the relative value of the inertial moments (especially yaw and
pitch) at high altitudes also produces an increase in the ogcilla-
tion and irregularity of the alrcraft's motion during the spin.
With a fixed initial velocity head (stall at Vi,gt = Vpip), the
duration and length:of the transitional section of spin increased
considerably with an increase in the initial flight altitude, which
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can be explained primarily by an increase in the initial actual
flight speed (an increase in the kinetic energy of the aircraft).
However, even with a fixed initial actual stall speed and an in-
crease in the stalling altitude, the duration and extent of the
transitional section of spin increased. This is produced by a
reduction in the aerodynamic forces (primarily drag) and moments
(especially the moment acting on the empennage and causing the
nose of the aircraft to drop) with a decrease in the air density.
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(b) CHANGES IN VELOCITY DURING THE REGIME /17

Due to the considerable extent of the transitional section of
spin in the case of supersonic aircraft, particularly at high ini-
tial flight altitudes, the following changes in the flight speed
during spin generally occur after stalling at an initial regime
of straight-line flight at Vinst = Vpin- At the beginning of the
transitional section, when the drag on the aircraft increases con-
siderably with transition to supercritical angles of attack, and
the axis of spin is still tilted only slightly with respect to the
horizon, the instrument and actual flight speed will decrease.
However, when the spin axis turns relative to the horizon so that
the projection of the aircraft weight along a tangent to the tra-
jectory of the aircraft's center of gravity becomes greater than
the drag, the instrument flight speed will begin to increase. This
usually results in an increase in the actual flight speed, but to
a lesser extent since the air density increases as the aircraft
falls (usually the actual speed increases to a value which is

smaller than its initial value). The occurrence of a stable (strictly
speaking, quasi-stable) regime of vertical spin means that the in-
strument flight speed becomes practically constant. With a con-

stant instrument speed, the actual flight speed decreases constantly
as the aircraft falls.

In the case of stalling at the. dynamic ceiling, when the in-
strument flight speed Vipgt <<Vpin, the aircraft speeds up con-
siderably during the transitional section of spin. This is caused
by the fact that the average value of the flight speed of the air-
craft in a regime of vertical spin, in which a balance of forces
is achieved (even approximately), acting on the aircraft in the
vertical direction, can be considered close to the value Vpip in a
first approximation for the sake of simplicity. The latter condi-
tion, strictly speaking, would be permissible only when the cor-
responding components of the resultant aerodynamic forces, gravity
and weight, acting on the aircraft during stall and in the regime
of vertical spin, were equal, i1.e., if in both cases the values of
the projections of these forces on the vertical were the same.
This feature causes a considerable increase of the unstable tran-
sitional section of the spin in the case of stalling at the dynamic
ceiling with a low initial flight speed.

(¢) EFFECTIVE INITIAL VELOCITY AND MACH NUMBER

The effect of the magnitude of the initial instrument flight
speed on the spin regime has been mentioned before (see Fig. 3.16).
As we have already pointed out, even the increase in the initial
instrument speed (without taking into account the changes in aéro-
dynamic coefficients which are involved due to the influence of
the compressibility and viscosity of the air), this leads to a
considerable increase in the abruptness of stall. However, this
increases the irregularity of motion and oscillation of the air-
craft during spin, owing to an increase in the aerodynamic forces
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and moments, and an increase in the velocity head as well. With

a transition to spin following stalling at a high instrument speed,
there are considerable longitudinal and lateral oscillations of

the aircraft, which rapidly die out as the flight speed drops.
Since an increase in the initial instrument flight speed causes an
increase in the Mach and Reynolds numbers, the effect mentioned is
intensified still further.

Particularly large oscillations and very abrupt and nonuniform
motion of the aircraft in spin are encountered in the case of
stalling at high supersonic speed (Mach numbers), as we can see,
e.g., from Figures 4.53 and 4.5Y4, This causes a ceonsiderable in-
crease in the transitional section of the spin, and a large moment
of autorotation (high instrument flight speed) means that the ro-
tation of the aircraft immediately after stalling may be very in-
tense. Following stalling at supersonic Mach numbers in the case
of relatively short spin regimes, it is possible for supersonic
speeds to be retained; the aircraft may even emerge from the spin
(see Fig. 4.53).

Following stalling at high supersonic speeds, there is a more
intense damping of the velocity than is the case after stalling

at subsonic speeds. This is due to the flatter polars of the air-
craft in the region of supercritical angles of attack at supersonic
speeds (see Fig. 4.837). TFollecwing stalling with an initial force

nyg > 1, the beginning of the transitional section of spin finds
tﬁe flight trajectory sloping upward (Fig. 4.55), due to the in-
fluence of a relatively high normal force directed in the initial
moment (with no roll) vertically upward. This causes an increase
in the irregularity of the aircraft's motion and complicates still
further the pilot's task of orienting himself in this regime.
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CHAPTER 5
RECOVERY FROM SPINM

TERMINOLOGY AND RULE OF SIGNS

In considering the operation of control surfaces and ailerons /183
by the pilot during spin and during recovery from it, we shall use the
following generally employed terminology. When the elevator (con-

trolled stabilizer) is tilted against the spin, it means that in
normal spin the control stick (wheel) is pushed forward, while in
inverted spin it is pulled back. The elevator is tilted with the
spin when the control stick is pulled back in normal spin and pushed
forward in inverted spin. When the rudder (moveable tail fin) is
tilted with the spin, the left pedal is pushed forward in a left-hand
spin (normal and inverted) and the right pedal is pushed forward in

a right-hand spin.

When the rudder is deflected against the spin, the right pedal is
pushed forward in a left-hand spin and the left hand pedal is pushed
forward in a righthand spin. Tilting the control surfaces for es-
cape from spin means tilting them against the spin.

In Figs. 5.1 and 5.2, the
positions of the control stick and
control surfaces are shown for a
right-hand inverted spin with the
control surfaces tilted against the

Fig. 5.1. Deflection Elevator and
Rudder Against Spin in Right-Hand
Inverted Spin (Ailerons in Neutral
Position): (1) Control Stick Pulled
Back (Against Spin); (2) Control
Stick in Neutral Position; (3)
Pedal in Neutral Position; (4) Left
Pedal Pushed Forward (Against Sping;
(5) Trajectory of Aircraft in Spin.

Axis of spin
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spin and with the spin.

When the ailerons are tilted with the spin, the right aileron
is tilted upward in right-hand normal spin (the control stick is
pushed toward the right side of the cockpit) or downwWward in right-
hand inverted spin(the control stick is pushed toward the left side
of the cockpit); in a left-hand spin, the situation is reversed.

/F>\‘ .SWEF%%}_,

i64

Fig. 5.2. Tilting of Elevator and /18
Rudder with Spin in Right-Hand In- ~
verted Spin (Ailerons in Neutral
Position): (1) Control Stick in
Neutral Position; (2) Control Stick
Pushed Forward (With Spin); (3)

Pedals in Neutral Position; (&)
Right-Hand Pedal Pushed Forward (with
Spin); (5) Trajectory of Aircraft

in Spin.

Fig. 5.3. Tilting of Ailerons With
Spin in Right-Hand Inverted Spin
(Elevator and Rudder Aligned With
Spin); (1) Control Stick in Neu-
tral Position; (2) Control Stick
Pushed to the Left (With Spin);
(3) Trajectory of Aircraft in
Spin.

Fig., 5.4, Tilting of Ailerons
Against Spin in Right-Hand Inverted
Spin (Elevator and Rudder Aligned
With Spin); (1) Control Stick in
Neutral Position; (2) Control Stick
Tilted to the Right (Against Spin);
(3) Trajectory of Aircraft in Spin.



When the ailerons are tilted against spin, the right aileron /185
is tilted downward in right-hand normal spin (with the control stick
pushed to the left) or upward in right-hand inverted spin (control
stick pushed to the right); in left-hand spins the situation is
reversed.

Figs. 5.3 and 5.4 show the position of the control stick and
ailerons, tilted with and against spin, in right-hand inverted spin.

The lag for recovery from spin is the time in seconds, or the
number of turns made by the aircraft while spinning, between the
moment when the tilting of the elevator has begun for escape from spin
until the moment when the autorotation of the aircraft stops.

For the sake of clarity, the assumed rule of signs for the
tilting of the control surfaces, ailerons and motion parameters of
an aircraft in spin (averaged from the values of oscillating spin
with sudden changes of sign in these parameters) can be represented
in the form shown in Table 5.1.

TABLE 5.1
SIGNS FOR TILTING OF CONTROL SURFACES AND AILERONS, AND MOTION PARAM-
ETERS OF AN AIRCRAFT IN A SPIN.

parameter!Elevator Rudder': i
F(movable (movable|Ailerons l
tablhzer)’ tail fin) i ;
| ‘
' B L=y - Wy ’ wy | Ny
| | 0 0‘3’ i 1 & ’ u @ !
, io® ! oo I
| with & £ with| B £ |with| 58 o
spini  « ‘spinf 5 fspin! 3 ! i !
Regime X Lo P oo |
left~ ! L e
hand | — v oo 0 L om o mw
Normal: 5 S ' ' ! : N
Spin | Tright-| I ‘ N U T T
p . hand | ! o | J 1 _i ‘ o
left ~ l o E . l . i = | -+ i - i -
Invert{ hand | | i | 1 ‘___i ! B
edSpin| xight-l | f V| | |
| band | 1 \ | I ( 1 !

5.1 Effect of Deflecting the Ailerons on Spin and
Recovery From The Latter.

(a) PHYSICAL PICTURE OF THE EFFECT OF TILTING THE AILERONS
The characteristics of autorotation of an aircraft depend on /186

the position of the ailerons during spin. When the ailerons are
tilted during spin, the aerodynamic moments of roll Mgy = MgaAGa
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and yaw Myg = M53A6a are produced. The appearance of a moment rel-
ative to the longitudinal axis of the aircraft when the ailerons

are tilted is caused by a change in the coefficients of normal
aerodynamic force on the right and left wings, relative to its nor-
mal axis, and by the different amounts of change in the coefficients
of- tangential aerodynamic force on the right and left wings (tilting
the ailerons up and down affects the tangential aerodynamic force
differently). It has been found in experiments when the ailerons
are tilted with spin that the moment Mipy; iIs directed toward ox;.
Tilting the ailerons against spin produces the moment Mzs which re-
sists -rotation. The aerodynamic moment Mysz, which appears when the
ailerons are tilted with spin, usually tends to slow down the rota-
tion of the aircraft relative to its normal axis oyj;. When the
ailerons are tilted against spin, the moment Mys, directed towards
increasing the rotation of the aircraft relative to the axis oy;,
appears in the majority of cases.

M3, 1y ?

Fig. 5.5. Example of Curves for the Relationships
Mga = f(a) and Mga = ¢(a) in a Supersonic Aircraft.

These considerations have been supported particularly by exper-
imental data (Fig. 5.5) obtained for supersonic aircraft. The graph
in Fig. 5.5 shows the curves for the derived aerodynamic moments /187
(in a related system of coordinates) of roll Mga and yaw Mga in
terms of the angle at which the allerons are tilted as a function
of the angle of attack of the aircraft. It is clear from the graph
that the derivative Mga does not change sign even with transition
to supercritical angles of attack, while the derivative M8a changes
its sign even at near-critical angles of attack. Y

Hence, if the aircraft in question is in a left-hand normal
spin, for example, the following picture develops. When the ailerons
are tilted with spin (A§5 > 0) the moment of roll My, = MBarsy < O
(since Mx2 < 0) and yaw Mya = MaaAGa <0 (Mga < 0 in spin) are pro-
duced, which tend to roll the aircraft onto its left wing and to push
the nose of the aircraft to the right. 1In other words, the moment
of roll tends to increase the rotation of the aircraft in a left-
hand spin and the mement of yaw impedes the rotation of the aircraft

to the left.

In the general case, the moments Mgxa and Mya in combination
can have different effects on spin in different types of aircraft,
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(and consequently, on the escape of such aircraft from spin). This
is explained by the fact that when the ailerons are tilted, the
aerodynamic moments of the wing are changed; since they depend on

the magnitude and direction of the other moments acting on the air-
craft during the spin, they can have different effects on the spin
regime and the characteristics of escape from it. in the majority

of cases, tilting the ailerons during spin and during escape from

it has a very significant effect on the nature of the regime, which
can be explained primarily by changes in sideslip under the influence
of the tilted ailerons.

(b) TILTING OF THE AILERONS IN NORMAL SPIN

The effect of tilting the ailerons to produce spin in supersonic
aircraft is much more pronounced in comparison to subsonic aircraft.
In supersonic aircraft, which have relatively short wings, tilting
the ailerons with spin usually makes the regime of normal spin less
stable, reduces the absolute values of the average angular velocities,
and leads to an increase in the oscillations of the aircraft (especi-
ally the longitudinal and transverse ones), increases the irregularity
of rotation, and can even cause a spontanecus change in the direction
of the aircraft's rotation. This may cause periodic interruptions
in the movement of the aircraft in a regime, causing it to roll in
the direction opposite to the direction of rotation, etc. Tilting
the ailerons against spin in a regime of normal spin usually causes
a more stable and uniform spin with smaller oscillations of the air-
craft, which in some cases occur at greater average angles of attack;
occasionally, tilting the ailerons agsinst spin causes the aircraft
to shift from normal to inverted spin. In certain cases, tilting
the ailerons against spin has a very small or practically negligible
influence on the regime.

Let us examine in greater detail the influence of tilting the
ailerons in normal spin, upon the characteristics of the latter by
using a number of examples obtained in the course of flight tests
of spin in supersonic aircraft. Let us begin with spins which were
produced following stalling at initial altitudes on the order of
Hg = 10-12 km. In Figs. 5.6 and 5.7 we have plotted, for the sake
of comparison, the characteristics of left-hand normal spin with
ailerons in a neutral position in the regime and with the ailerons
tilted with spin. It is apparent from Fig. 5.7 that the pilot
tilted the ailerons with spin immediately following stalling, to
an angle of A85; =~ 15-17°, and then held them in this position until
the aircraft began to emerge from the spin. About 10 sec after the
spin began, (f ~ 16 sec in Fig. 5.7) the rotation of the aircraft
stopped, after which it spontaneously shifted from left-hand to
right-hand normal spin, which continued with the control stick tilted
for left-hand spin (i.e., against right-hand spin). The effect of
tilting the ailerons against the spin, expressed in the characteris-
tics of left-hand normal spin, are shown in Fig. 5.8. In this case,
the ailerons were tilted to A85 =~ 5-8°, which produced a certain in-
crease in the average value of the angle of velocity of yaw.
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The effect of tilting the ailerons with spin in right-hand /189
normal spin to an angle of ASa =~ 12° is shown in Fig. 5.9. It is
evident from the graph that during the first seven seconds or so after
the ailerons were tilted, there was a highly irregular regime of
right-hand spin, after which the aircraft spontaneously entered a
left-hand normal spin. The latter was more stable and uniform, and
involved fewer oscillations than did the left-hand normal spin of the
same aircraft with neutral ailerons (see Fig. 5.6). Fig. 5.10 shows
right-hand normal spin during which the pilot tilted the ailerons
with spin to an angle of Afa ~ 8-11°. This tilting of the ailerons
did not have a significant effect on the nature of the regime, as
in the preceding case. The spin remained right-hand normal, but pro-
ceded with greater oscillation of the aircraft during the regime.
Tilting the ailerons against the spin to an angle A85 &~ 12° in
right-hand normal spin is shown in Fig. 5.11. The longitudinal os-
cillations of the aircraft increased when this was done.

{e¢) TILTING THE AILERONS IN INVERTED SPIN.

The effect of tilting the ailerons can also be very important in
inverted spin. Tilting the ailerons with spin in supersonic air-
craft in a regime of inverted spin (as well as in normal spin)
usually produces an increase in the irregularity of the motion and
oscillation of the aircraft reducing the stability of the motion in
this regime and possibly leading to interruptions or changes in the
rotation direction of the aircraft and sometimes even to a shift of
the aircraft from normal to inverted spin. Tilting the ailerons
against the spin in a regime of inverted spin produces a reduction
of the aircraft oscillation, occurrence of more uniform rotation,
and a transition to average angles of attack with a smaller absolute
value, i.e., the nose of the aircraft drops while it is on its back,
which sometimes leads the aircraft to enter a regime of normal spin.

Fig. 5.12 shows an example illustrating the influence of
tilting the ailerons with spin, on right-hand inverted spin. Tilt-
ing the ailerons in this regime was generally done to give a value
of ASg ~ 209, It is clear from the graph that tilting the ailerons
in this manner produced a non-uniform unstable spin. Tilting the
ailerons with spin to an angle of AS5 = 8° in the process of pulling
the airplane out of its position on its back into a. left-hand in-
verted spin is shown in Fig. 5.13. It is clear from the example
given that tilting the ailerons in this manner causes the aircraft
to shift to left-hand normal spin. This normal spin toock place with
the control surfaces tilted for inverted spin. Fig. 5.15 shows an
example in which the ailerons were tilted against spin to an angle
ASg =~ 14-18° in a regime of left-hand inverted spin. In this case,
the tilting of the ailerons caused the aircraft to drop its nose
(the negative angle of attack decreased), so that the aircraft began
to rotate in a practically vertical position at a high angular ve-
locity of roll (At =~ 27-33 sec, wgay =~ 2.8 rad/sec, ?wyav% ~ 0,1
rad/sec).
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5.10 Tilting of Ailerons (At a~ 5-32 sec (with Spin
to a Value of A§5 =~ 8-11° in Right-Hand Normal Spin.

Fig.
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5.11 Tilting of Ailerons (A%t ~ 7-23 sec) Against Spin

to an Angle of A85 ~ 12° in Right-Hand Normal Spin.
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The experimental (flight) data obtained support the fact that /195
in both normal and inverted flight, the effect of tilting the ail-
erons on the characteristics of a regime always depends to a consid-
erable degree on the magnitude of the angle to which they are tilted
and has practically no relationto the elapsed time following the be-
ginnihg of the spin regime until they were tilted. Tilting the ail-
erons has practically the same effect on the characteristics of right-
and left-hand spins.

(d) INFLUENCE OF TILTING THE AILERONS AT HIGH ALTITUDES.

The effect of tilting the ailerons on spin has a very definite
relationship to the flight altitude. At high altitudes, tilting the
ailerons has the same qualitative effect as at low altitudes, but
the effect usually is more pronounced. Tilting the ailerons with
spin in a regime of normal spin produces greater oscillations of the
aircraft and increased irregularity of rotation, increases the ten-
dency of the aircraft to change its direction of rotation, etc.
Sometimes tilting the ailerons during spin at high altitudes causes
the aircraft to "follow its ailerons", (i.e., their effect is direct,
as in other operational regimes of flight), which increases still
further the irregularity of the regime and can even aggravate the
tendency for the aircraft to shift to spin in the other direction or
even to enter inverted spin. The latter is explained by the air-
craft's entering subcritical angles of attack during such spin,
thus producing a direct effect on the ailerons (which is usual in
normal operational flight regimes).

Let us examine several examples which illustrate the effect of
tilting the ailerons with spin after stalling at high altitudes.
Fig. 5.15 shows an example of tilting the ailerons with spin in a
regime of left-hand normal spin, beginning at an altitude of
Hy ~ 18.5 km, During the first moment following the tilting of the
ailerons (t &~ 19 sec in the graph), the aircraft "travelled behind the
ailerons™. A highly unstable left-hand spin then began, which caused
the aircraft to flutter downward like a leaf along a spiral trajec-
tory, with considerable oscillation. Beginning at ¢ =~ 30 sec, the
aircraft spontaneously shifted to a right-hand normal spin, involving
still greater longitudinal and transverse oscillations of the air-

craft. Setting the ailerons to the initial balanced position (¢ =
49 sec) caused the aircraft to shift once again to left-hand normal
spin, which also involved fluttering of the alrcraft. Tilting the

ailerons against spin in a left-hand normal spin occuring at an
initial altitude of Hg = 18.5 km is illustrated in Figs. 5.17 and
5.18. It is clear from Fig. 5.17 that tilting the ailerons with spin
in this particular case led to a highly unstable spin which took

the form of flutter downward along a spiral trajectory, with consid-

erable oscillation of the aircraft. The angles of roll of the air-
craft reached 180°, i.e., the aircraft appeared to be flying on its
back. Tilting the ailerons against spin in the example shown in

Fig. 5.18 causes the aircraft first to "follow its ailerons" (t ~
35 sec), then to drop its nose and go over onto its back; it
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entered an inverted spin with the control surfaces tilted for nor-
mal spin. Inverted spin lasted for about 4 sec (¢ 38-42 sec).

/199

Setting the ailerons and rudder to a neutral position caused the air-

craft to return to a right-hand normal spin. The rudder was again
tilted with the spin while the ailerons were tilted against the spin.
It is clear from the graph that this caused a repetition of the phe-
nomenon described above: the aircraft again shifted from normal to
inverted spin (¢ =~ 52 sec).

In aircraft without any boosters in the control system, tilting
the ailerons in spin can lead to a considerable change in the force
applied to the pedals (effect of changing sideslip, taking the form
of vibration with considerable and abrupt periodic changes in the
hinge moments of the rudder, eaused by changes in the airflow over
the vertical tail. A spin of this kind is shown in *ig. 5.19.

It is clear from the graph that the abrupt shifting of force on the
pedals (AP, >60 kG) did not give the pilot an opportunity to hold
the pedals in the fixed position required for this regime, which is
all the way over with spin.
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Fig. 5.18. Right-Hand Normal Spin (Initial Regime) Beginning at Initial Alti-
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It is clear from what has been stated above that the effect of /2«
the ailerons in the spinning of supersonic aircraft can be highly -
diverse and is usually quite pronounced. In view of such diversity
and intensity of the effect produced by tilting the ailerons during
spin, the pilot must always try to keep the ailerons in the initial
balance position, if possible, both during the regime and when es-
caping it (except in Escape Method Number 4, which will be discussed
below). This is especially true at high altitudes. At low subsonic
flight speeds, this is usually very close to a neutral position.

5.2. Methods of Pulling a Supersonic Aircraft Out of a Spin.
(a) GENERAL CHARACTERISTICS OF METHODS OF RECOVERY

Maneuvering an aircraft in a spin is very complex and quite
different from maneuvering it in all other flight regimes. To pull
an aircraft out of a spin, it is necessary to use special methods
of pilotage. These methods are basically different from the methods
of pilotage used in all other operational regimes of flight. This
is due primarily to the fact that the reaction of the aircraft to
the motion of the control surfaces in a spin occurs much more slowly,
while the motion of the control surfaces must be sharper and more
pronounced; frequently, they must be moved all the way from stop
to stop. The existence of high angular velocities produces significant
changes in all the fundamen+tal characteristics of maneuverablility of
an aircraft (see Chap. II). In supersonic aircraft as a rule, the
action of the ailerons in a spin is opposite to that which takes
place under usual flight regimes, while tilting the ailerons frequently
has a deciding influence on the nature of the spin. In fact, the
actual methods of terminating a spin, are to a certain degree, directly
opposite to the customary natural methods used in all other flight
regimes. Thus for example, if we consider merely the position of
the aircraft in space, we can draw a convenient formal analogy be-
tween spin and dive: in both cases, the position of the aircraft in
space is the same (its nose is down). However, in order to pull an
aircraft out of a dive, it is necessary to pull the control stick
back; to escape from a spin, on the other hand, the control stick
must be pushed forward, since the physical principles involved in
these two cases are basically different. We should add in this re-
gard that in a spin, which is a very unusual (@and fortunately relatively
rare) flight regime, the sensations and possibility for spatial ori-
entation by the pilot are fundamentally different from those in con-
vential flight regimes (the effect of the angular velocities and
forces, the unusual and rapidly changing position of the aircraft
in space, the lack of visibility or only partial visibility of a /20
portion of the horizon, etc.). The considerable complication of
operating conditions and orientation problems of the pilot in a spin
makes demands on his presence of mind, promptness of action, atten-
tion, skill, as well as considerable demands on his physical powers
to carry out the precise and accurate movements of the controls
which are required to pull the aircraft out of a spin.
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Pulling an aircraft out of a spin consists essentially of three
stages (see Fig. 4.32):

(a) The first and basic stage is simply escape from spin, i.e.,
termination of the autorotation of the aircraft;

(b) The second stage is a dive (even at subcritical angles of
attack), to increase the flight speeds in order to make it possible
to carry out further maneuvers with the aircraft safely;

(¢) The third stage consists in pulling the aircraft out of the
dive and placing it in a regime of straight-line horizontal flight
at a speed equal to or greater than the original.

We usually understand the term "method of escape from spin" to
be a method of pilotage which insures a reliable termination of auto-
rotation of the aircraft, and is only the first step in pulling the
aircraft out of the spin. If we retaln the generally adopted termi-
nology, we can discuss the methods of piloting the aircraft in the
first stage of escape from spin in this particular section and refer
to them as "escape methods". We will discuss the remaining two
stages of escape from spin later on. From now on we shall be using
two terms which refer to the same phenomenon: "pulling out of" and
"escaping from" a spin. The first of these will be used when refer-

ring to the actions of the pilot (he pulls the aircraft out of a spin);

the second will be applied when describing the motion of the aircraft

itself under these conditions (the aircraft escapes from a spin).
To a certain degree, these two terms are interchangeable.

The first and most important stage in pulling out of a spin is
considered complete when the average angle of attack of the aircraft
is subcritical, causing the autorotation of the aircraft to stop.

(b) PULLING OUT OF A NORMAL SPIN

Four methods are used for pulling modern aircraft out of nor-
mal spin (stopping autorotation); they are shown schematically in
Fig. 5.20.

(1) Method 1: Pulling out of a spin by simultaneously setting
the elevator (movable stabilizer) and rudder in a neutral position,
with the ailerons in a neutral position.

(2) Method 2: Pulling out of a spin by tilting the rudder all
the way against the spin and then (after 2-4 sec) setting the
elevator in a neutral position, with the ailerons in a neutral posi-
tion.

(3) Method 3: Pulling out of a spin by tilting the rudder all
the way against the spin, then tilting the elevator all the way
against the spin, with the ailerons in a neutral position.

(4) Method #: Pulling out of a spin in the same way as in
Method 3, but tilting the ailerons as far as possible at the same
time that the rudder is tilted; in supersonic aircraft, as a rule,
this amounts to tilting them with the spin.
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The methods of pulling an aircraft out of a normal spin, as we
can see from the above, are listed in the order of increasing
"strength" i.e., effectiveness (the values of the aerodynamic moments
created by the control surfaces which serve to pull the aircraft out

of the spin). The "strongest" (and most effective) method is
Number 4.

Method 1 is recommended for pulling an aircraft out of an un-
stable normal spin; Method 2 is for unstable oscillating spin; Method
3 is for stable uniform spin, and Method 4 is for highly stable uni-
form normal spin, occuring at very high average angles of attack
(see Fig. 4.18). The use of these methods makes it possible to pull
modern aircraft out of all possible regimes of normal spin more
rapidly and reliably (with a minimum loss of time and altitude in /208
the process). Examples of pulling supersonic aircraft out of a spin,
using the four methods described, are shown in Fig. 4.22 (Method 1),
Fig. 4.26 (Method 2, Fig. 4.28 (Method 3), and Fig. 4.29 (Method 4);
escape began at ¢ = 66.5 sec.

When an aircraft enters a spin, it is always necessary to adjust
the control surfaces completely with the spin. This is because the
maximum effect produced by the action of the control surfaces when
pulling the aircraft out of a spin is obtained by moving the sur-
faces out of the position with spin. In this case, 1t is possible
to obtain a maximum excursion for the movable surfaces, from one
stop to the other. In addition, it is also possible to employ the
dynamic ("shock") effect in moving the control surfaces abruptly
From one extreme position to the other. This maximum exploitation
5f all possibilities in order to escape spin is only required when
the aircraft falls into a sufficiently stable spin regime. However,
iince the pilot does not know in advance which spin regime is
ieveloping, he must always put the control surfaces all the way over
tn the direction of spin immediately.

The fact that there are now four methods which have been devised
n the course of special flight tests on modern aircraft for devel-
»ping ways of escaping from spin, instead of the one (the so-called
:tandard method, Method 3) which was formerly recommended, consid-
‘rably increases the chances of pulling a modern aircraft out of a
pin, and also increases the safety of flight, although it places
ome additional demands on the pilot's attention. The experience
»f flight tests and considerable studies of supersonic aircraft, as
ell as the statements of many highly qualified pilots and those who
re less qualified indicate that this difficulty is much less than
ould appear at first glance, for the following reason. The four
ethods which we have described for pulling out of a spin differ
nly in a gradual "increase" (an increase in the motion required
or the control surfaces and the intervals between their motions),
ince the operating principle for the surfaces remains essentially
he same (the ailerons need be moved only when using Method 4).

It is not possible to limit ourselves to a use of only the
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"strongest'" methods (Nos. 3 and 4) as is sometimes erroneously sug-
gested by those who wish to simplify the work of the pilot. This is
not feasible for the following reasons: in supersonic aircraft,
particular attention is usually paid when discussing these problems
to the provision of sufficient effectiveness of the control surfaces
in order to pull the aircraft out of a spin. This is because when

a subsonic aircraft falls into a spin, there is a considerable danger
that the pilot may not be able to pull out, due to the low effective-
ness of the control surfaces in pulling out of a spin, (danger of

a "shortage" of control surfaces when trying to pull out of a spin).

In supersonic aircraft, the required effectiveness of the control

surfaces comes primarily from the flight conditlions at high Mach /2
numbers, and the latter are generally greater than necessary for
pulling an aircraft out of a spin. Therefore, in pulling supersonic

aircraft out of spins, it is necessary in most cases to insure that
the aerodynamic moments built up in the escape process do not be-
come too great (danger of "transfer" of the controls during escape).
Excess moments during escape can only lead to a considerable deter-
ioration of the escape characteristics (for example, to an extremely
steep dive after the autorotation of the aircraft has ceased, along
with an increase in loss of altitude during the escape, etc.),

and may even lead to failure of the aircraft to escape from spin
(transition from normal spin to inverted, from right-hand to left-
hand, etc.). Under these conditions, only the "weak" methods (Nos.
1 and 2) can be used for escaping the spin.

However, under certain conditions, supersonic alrcraft can fall
into regimes of stable spin with very intense rotation of the air-
craft, when only the "strong' methods of escape will suffice., This
means that in actual practice, when it is desired to pull a modern
supersonic aircraft out of a normal spin, both "weak" and "strong"

methods should be used. Under no circumstances should it be for-
gotten that the "stronger'" methods do not "overlap" in any way and
cannot replace the "weak" methods. Each method of escape has its

own range of application.

The selection of the required method of pulling the aircraft out
of the spin is determined only by the nature of the particular regime
and need not be related to any other parameters (for example, the
flight altitude): the latter can be used by the pilot only as auxil-
liary sources of information and for facilitating and speeding up

his correct determination of the nature of the regime. In all cases,
the movement of the control surfaces against the spin must be done
as forcefully as possible. Slow, sluggish movement of the control

surfaces causes deterioration of the escape characteristics and
sometimes simply makes it impossible to escape the spin.

The interval between the movement of the rudder and the elevator
(movable stabilizer) should be counted by the pilot in seconds rather
than in turns, since experience has shown that even a small change
in the nature of the regime (for example, a slight slowing down or
acceleration of the aircraft's rotation) makes it very difficult
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and sometimes impossible to count the turns accurately without making
serious errors, especially when the aircraft is undergoing signifi-
cant changes in its position in space (with the aircraft periodically
falling on its back, etc.). In addition, the use of the concept

"spin turns" 1is undesirable, not only with respect to escape from
spin, but also during the regime, since it tells the pilot very little
(in non-uniform spin regime, where the aircraft is falling like a
leaf, the idea of "turns" simply loses its meaning). The most impor-
tant characteristics are the duration of the regime and the loss of
altitude by the aircraft during this time.

Counting in seconds is always less difficult and more reliable /210
for the pilots, and it is also a convenient means of determining
the interval of time which has elapsed between the movement of the
control surfaces in the attempt to escape as well as in estimating
the delay in escape. Calculations of these values in seconds is
usually done by counting the seconds out loud.

In addition to measuring the duration of the regime in seconds,
the pilot must also watch the altimeter during spins. The absolute
altitude value as indicated by an altimeter aboard the aircraft shows
considerable errors in a spinj; these are caused by the partial sensing
of the velocity head by the static openings of the air-pressure
intake at high angles of attack, as well as by the large angles of
sideslip which may appear in spin and the high angular velocities of
rotation 6f the aircraft. However, the loss of altitude in a spin
can be estimated quite accurately with the aid of a visual device;
however, altitude is one of the most important flight characteristics
for the pilot, since it is directly related with the conditions for
insuring safety in flight (especially when the aircraft is in spin
at a relatively low altitude).

Flying experience has shown that the first two methods of es-
cape are the ones most frequently used by supersonic aircraft. If
an initial attempt to pull the aircraft out of a spin fails and
autorotation does not stop, the pilot must set the control surfaces
against the spin once again and make another attempt at escape in
2-4 gseconds. This time however, he should use a "stronger" method
since in the first case he presumably did not employ a "strong"
method (i.e., he incorrectly judged the nature of the spin).

(c¢) ESCAPE FROM INVERTED SPIN

The methods of escaping from inverted spin in modern supersonic
aircraft are the following (Fig. 5.21):

(1) Method 1 for inverted spin consists of escaping from spin
by simultaneously setting the elevator and rudder in a neutral

position, with the ailerons in a neutral position.

(2) Method 2 for inverted spin consists of escaping from spin
by setting the rudder all the way over against spin and then (after
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2-4 sec) moving the elevator to a neutral position, with the ailerons
in a neutral position.

(3) Method 3 for inverted spin consists of escaping from spin
by moving the rudder all the way over against the spin and then
(after 2-4 seconds) moving the elevator all the way against the spin,
also with the ailerons in a neutral position.

To pull supersonic aircraft out of inverted spins, Method No. 2
is the one most often used; this is because when such aircraft enter
an inverted spin, the latter is usually a stable, oscillating, in-
verted spin. In general, aircraft fall into inverted spin much more /2
infrequently than the normal one, -
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Fig. 5.21. Schematic diagram of the effect of moving the
contrel surfaces in different methods of pulling an aircraft

out of inverted spin.

Aircraft of conventional design emerge from inverted spin more
easily than they do from normal spin. This is explained by the lower
intensity of the aircraft's autorotation at negative subcritical
angles of attack, the greater effectiveness of the control surfaces
in inverted spin (thanks to the reduced shadowing of the secondary
flow over the wing, horizontal empennage and fuselage, as well as
the reduction in their effective sweepback angle) and the lower ab-
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solute angles for the average angles of attack of such aircraft in
inverted spin.

However, regardless of these facts, inverted spin poses consider-
ably more difficulties for the pilot in comparison to normal spin.
This is due to the unusual position of the pilot in space during
such a regime; he finds himself hanging downward in his harness with
a negative force acting on him (ny < 0) which tends to 1ift him
out of his seat. Under such conditions, the pilot may take his hands
off the control stick and remove his feet from the pedals, especially
if he is not strapped firmly to his seat. Orientation of the pilot /212
in inverted spin is still more complex. When the aircraft is making
considerable oscillations, the pilot sometimes finds it difficult to
determine visually which type of spin he is in (mormal or inverted),
especially if the longitudinal axis of the aircraft is close to
vertical when the aircraft spins at negative supercritical angles of
attack which are low in absolute value. Under these conditions,
escape can be achieved by placing the control surfaces in a neutral
position, since a situation of this kind usually occurs in regimes
of unstable inverted spin.

In some components of supersonic aircraft, the shadowing of
the empennage in inverted spin may be greater than in normal spin.
This makes it much more difficult to pull such aircraft out of
inverted spin and makes it necessary to employ a "stronger'" method
of escape (Method 3 for inverted spin).

Examples of pulling supersonic alrcraft out of inverted spin by
the three methods recommended above are shown in Fig. 4.25 (Method
1 for inverted spin) Fig. 4.27 (Method 2) and Fig. 4.30 (Method 3).

If the control surfaces are tilted against the spin when attempt-
ing to escape, the pilot must slowly move them to a neutral position
as the rotation of the aircraft slows down. Only after the aircraft
has obtained a sufficient velocity can the pilot begin (very slowly)
to pull the control stick backward in order to pull the aircraft out
of the dive.

The methods listed above are sufficient for pulling modern
aircraft out of all spin regimes that may occur. When aircraft are
developed which differ basically in their design and equipment
(supersonic aircraft of the '"canard" type or "tailless" aircraft
with disturbing moment, etc.) as well as aircraft of conventional
design (wings, fuselage, empennage) but with inertial and aero-
dynamic characteristics which are very different from those in
contemporary supersonic aircraft, it will be necessary to use new
methods or devices for pulling such aircraft out of spins. This
may require some development of the existing methods or even in
some cases to the application of new means of pulling aircraft out
of spins, such as using a special disturbing moment, different
movements of the right and left halves of the stabilizer, shifting
the exhaust from the engine laterally to stop the aircraft from
rotating, using special anti-spin devices (parachutes, rockets),
etc.
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5.3 Basic Features of Pulling Supersonic Aircraft Out of Spins.

As we have already mentioned, the diversity of forms and insta-
bility of characteristics in spin involving supersonic aircraft
(usually, a given aircraft can exhibit different spin regimes depend-
ing on the initial conditions and characteristics of its pilotage
in the regime) lead to the fact that in order to pull the aircraft
reliably out of the spin it is necessary to use some standard or
universal method of escape.

As mentioned earlier, the great length of the transitional sec- /21¢
tion of the spin (especially at high altitudes) in supersonic air- T
craft means that regimes of vertical spin are encountered relatively
rarely. Due to the long duration of the transitional section of the
spin, especially following stalling at high altitudes, pilots of
supersonic aircraft must deal primarily with this transitional
section when they fall into a spin and not with a regime of stable
vertical spin. Usually the pilot begins to pull the supersonic air-
craft out of the spin (and does so) by operating his controls prop-
erly, long before the vertical spin begins.

If for some reason the spin regime is prolonged and the supersonic
aircraft goes on to enter a vertical spin, escape from the latter
under certain conditions may be very difficult. To pull a supersonic
aircraft out of such a regime, Method 4 can be employed. This is
due primarily to the large dispersion of masses in the direction of
the longitudinal axis in supersonic aircraft (large inertial moments

of pitch).

As we have already pointed out, the four characteristics of es-
cape (hampered escape) from spin were encountered much more fre-
quently in subsonic alrcraft, especially in old subsonic aircraft
like the ¥-153, UT-2, etc, However, in those aircraft the poor es-
cape from spin was caused mainly by another factor, the low effec-
tiveness of control surfaces in this regime. In addition, due to
the brief duration of the transitional section, the pilots of these
subsonic aircraft were required to pull the aircraft out of a ver-
tical spin (the transitional section was over before the pilot c¢ould

orient himself in the regime).

Pulling the aircraft out of a spin in the transitional section
does not usually require "strong" methods; as a rule, Methods 1 and

2 will suffice for normal spin. 1In this case, the aircraft escapes
easily from the spin, due to the low stability or even instability
of the regime. Therefore, when a pilot finds his aircraft falling

into & spin, he must immediately set the control surfaces with the
spin and move the ailerons to a neutral position; as soon as he has
succeded in determing the nature of the regime, he must begin the
escape process, not allowing the aircraft to enter a stable regime
of vertical spin if possible. The transition of the aircraft into
a regime of vertical spin at the end of the transitional section
usually takes place within a short period of time. This absolute

necessity to make a rapid and very significant change in the nature
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of the regime (the occurrence of a more stable spin) is unpleasant
for the pilot, especially if he has just begun the process of es-
caping from the spin, having decided to use a relatively "weak" /214

method of escape. Under such conditions, he must be able to estimae
the nature of the new regime correctly and to escape by using a
"stronger" method.

When the aircraft enters critical or nearly critical flight
regimes, the pilot must act as follows: when the aircraft assumes
near critical angles of attack and the first signs of stalling appear,
the pilot must take all measures necessary to prevent stall. If he
does not succeed, and stall occurs, he must try to pull the aircraft
out of the stall without setting the control surfaces immediately
with the spin; this would cause the aircraft to go into a spin
spontaneously, and it would be more difficult to escape from the spin
than it would be to escape from a stall. If this also fails and the
aircraft enters a spin, the pilot must immediately move the control
surfaces into the spin and then (as soon as he has oriented himself
in the regime and selected the proper moment for escape) he must
immediately begin to escape from the spin. In some cases, in order
to facilitate his orientation in the regime, an inexperienced pilot
may walt until a more uniform regime of spin is established
(orientation of the pilot in the unstable transitional portion of
spin, especially at high altitudes, is often more difficult than under
the more uniform vertical regime). This 1s completely wrong, since
it may result in the aircraft going into a highly stable regime of
spin from which it is still more difficult to escape.
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Fig. 5.22, Loss of Altitude During Escape from Normal Spin
as a Function of the Coefficient of Lift and the Altitude at
Which the Spin Begins.

The decrease in 1lift and especially the reduction in cyper leads
to a greater loss of altitude when a supersonic aircraft emerges
from a spin. Fig. 5.22 shows an example of the change in the 1loss
of altitude during escape AHgge as a function of the value of coef-
ficient of 1lift during escape ceYyeges as well as a function of the
altitude at which escape begins Hpeg, for a supersonic alrcraft. To
reduce the loss of altitude during escape, the aircraft must be pilot-
ed so that the maximum use is made of its 1lift, while making sure at
the same time that the aircraft will not enter a second stall or
exceed the permissible limits for stability of normal force, i.e.,

193



the values cy ergaper) and ngmax must not be exceeded under any circum
stances. With this goal in mind, it is desirable to have aboard /*
the aircraft suitable visual indicators and signaling systems which
would include in particular the device discussed earlier (in Chapter
IIT), the two-vane indicator of angle of attack and the lateral-

load factor indicator.

The methods recommended for pulling an aircraft out of a spin
do not require the pilot to make a definite choice of a certain
moment for beginning his escape procedure (the moment when he must
move the first control surface to escape). However, test pilots
always select the moment (for example, when the nose falls or when
rotation stops) which ensures optimum escape of the aircraft from
the spin, as rapidly and safely as possible, with minimum delay and
loss of altitude. In order for the pilot to determine the features
of each concrete type of spin rapidly and correctly and to select
the proper method of escaping from this regime as well as to select
the optimum moment to begin his escape procedure, he must study the
characteristics of spin for his particular aircraft, in other words,
he must be trained for a spin.

In preparing a program for training pilots, it is necessary to
remember that these recommendations can only be carried out under
conditions where the pilot has been well trained in going into a
spin and escaping from it. Training pilots for spins enables them
to fly more skillfully at critical regimes and to "squeeze'" out of
the most it can give. To ensure complete safety when training for
spins, the first stages of such training should include putting the
aircraft into a spin (for training purposes) from an initial regime
of straight-line horizontal flight at a speed greater than a minimum
of 30-60 km/hr. Stall must be produced by a vigorous movement of
the rudder, with a simultaneous sharp pull of the control stick
backward. This method produces a definite stall and will cause the
aircraft to go into a spin in a certain direction of rotation. The
training of pilots for spin must be carried out in two-seated air-
craft.

5.4 Piloting Errors in Recovery From Spin

In pulling an aircraft out of a spin,pilots who have not received
sufficient training in such regimes are most likely to make two
errors: they may tilt the ailerons against the spin and employ a
"stronger'" method of escape than necessary in view of the character-
istics of the given regime. Tilting the ailerons against the spin
in supersonic aircraft, as mentioned above, usually leads to a con-
siderable complication of the escape process and sometimes makes it
impossible.

Unnecessary use of a "strong" method of escape (overcautiousness)
not only does not increase the reliability of escape technique, but
on the other hand merely makes the characteristics of escape more
difficult; sometimes it may even make it impossible for the pilot
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to escape from the spin. Under these conditions the failure to es- /216
cape does not mean that the aircraft continues to rotate in a certain
spin regime, but rather that the aircraft makes a transition from
this cegime to another regime, for example from right-hand to left-
hand, or from normal to inverted spin, etc. In other words, the
first spin regime ends, but a second begins which is opposite in
direction to the first or has reversed sign for the average angles

of attack of the aircraft, i.e., the aircraft continues to spin but
in another regime.

(a) CONTRIBUTION OF EXCESS MOMENTS TO ESCAPE

Tilting the rudder during escape all the way over against the
direction of spin, when the characteristics of the regime have re-
vealed that it is sufficient merely to hold it in a neutral position,
may cause a considerable increase in the time required to escape or
may make it impossiblej; the aircraft simply changes the direction of
rotation (the sign of wy) but does not emerge from the spin. Thus,
Fig. 5.23 shows an example which illustrates an attempt on the part
of the pilot to attempt to pull his aircraft out of an unstable
right-hand normal spin, which occurred in the form of a downward
drift along a spiral trajectory with the rudder tilted all the way
over (at the moment ¢ = 43.5 sec, the rudder was set to &, =~ -20°),
so that the nature of the regime indicated that escape from it would
require moving the rudder only to a neutral position (using Method 1
for escape). As a result, the aircraft did not escape from the spin,
but simply shifted from right-hand to left-hand normal spin (beginning
at t = 45 sec), from which it was then withdrawn by having the pilot
set the rudder in a neutral position (¢ = 50 sec). ’

The movement of the control stick all the way forward in escaping
from normal spin, when the characteristics of the regime indicate
that it is adequate simply to hold it in a neutral position, can cause
the aircraft to shift to a regime of inverted spin Gee TFig. 4.30),
i.e., it will not escape from the spin or else the nose of the air-
craft will fall excessively when autorotation stops. The latter
produces an increase in the initial angle of dive and therefore a
steeper dive in which the loss of altitude and final diving velocity
increase; this is particularly dangerous at low altitudes, due to
the fact that such a dive may exceed the permissable instrument
flight speed.

In addition, the increase in the absolute angle of dive produces
an increase in the loss of altitude for escape, which in supersonic
aircraft (even when correctly piloted) is quite high (see Fig.

5.22). The production of overly high diving moments when escaping,
due to the control stick being pushed too far forward, also causes
large negative load factors (in Fig. 4.31 at ¢ =~ 55 sec the negative
normal load factor reached a value of ny ~ -1.7).

Physiological tests which have been carried out indicate that /217
the influence of negative load factor has a much greater effect on the
activity of a pilot than does a positive normal load factor on the same
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absolute value. This means that the coordination of the pilot
deteriorates, and it is more difficult for him to judge his position
in space, etc. The effect of a negative normal force may have other
very unpleasant effects: pulling the pilot out of his seat, breakage
of the safety harness, striking the head against the canopy, etc.
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Fig. 5.23. Example of Piloting Error: Excessive Movement of
the Rudder (¢t a~ 43.5 secj; ¢, ~ -20°) in Escaping From Spin.

The use of an overly "strong" method of escaping from spin re- /!
quires the pilot to make more rapid and skilled motions with the -
control surfaces, since more excessive aerodynamic moments are in-
volved. In this case, the aircraft becomes more "rigid" with respect
to piloting errors, (for example, with respect to the use of the
ailerons).

The examples which we have given illustrate the important prop-
erties listed above for pulling supersonic aircraft out of spins;
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the difficulties in pulling supersonicaircraft out of a spin in the
majority of cases creates problems which have nothing to do with the
fact that the control surfaces do not suffice for escape, as was
sometimes the case in old aircraft, but rather the fact that an in-
experienced pilot does not know how to select the proper method of
excaping from a given regime.

Such piloting errors have also been observed in subsonic air-
craft as well, but the danger and possibility of their occurrence
is considerably greater in supersonic aircraft. The latter is rela-
ted to the large number of different spin regimes, as well as the
expansion of the range of methods employed for escaping from a spin
in supersonic aircraft. Thus, for example, a given aircraft ‘under
different conditions may exhibit regimes of normal spin which require
the use of all four methods .of escape (see Fig. 5.20): each gegime
has its own method of escape.

(b) MOVEMENT OF CONTROL SURFACES IN THE REVERSE SEQUENCE

A type of error in pilotage which must be avoided 1is tilting
the elevator for escape before moving the rudder (so-called reverse
sequence of tilting the control surfaces when pulling an aircraft
out of a spin). An error of this kind usually makes it impossible
to pull the aircraft out of a spin. Under no circumstances must
the elevator be moved before the rudder when pulling out of a spin.
The elevator must be operated to escape the spin only after a certain
interval of time has passed after moving the rudder, or else it must
be done simultaneously with moving the rudder (in unstable spin).

This is due mainly to the reduction of inertial moment of pitch
Mgin = (Jpe - Jy)wxwy after the rudder has been moved for escape;
this is caused by a drop in the absolute value of the moments, and
therefore of the angular velocity of autorotation of the aircraft
as a result of the appearance of an inward sideslip. The latter is
produced by moving the rudder against the spin when pulling the air-
craft out of a stable regime.

As mentioned earlier (in Chapter IV), this inertial moment of
Pitch involves oscillation. Therefore, its reduction leads to a
drop in the aerodynamic moment of dive required for the aircraft to
escape the spin (a shift to a subcritical angle of attack), produced
by movement of the elevator. Hence, moving the control surfaces in
the proper order in order to escape the spin (tilting the elevator
after moving the rudder to escape) reduces the necessary work of the
elevator and simultaneously makes it easier to pull the aircraft out
of the spin, since it also makes it easier for the elevator to oper-
ate when shifting the aircraft into subcritical angles of attack.

Reduction of the inertial oscillating moment also causes the /219
nose of the aircraft to drop, thus reducing its angle of attack in
the spin. This means that the effectiveness of the elevator can
increase considerably. This produces greater aerodynamic moments of
dive for the aircraft which is attempting to escape from spin, i.e.,
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there is still one more factor which facilitates the aircraft's es-
cape from spin when the proper sequence for moving the control
surfaces is followed.

Of equal importance is the fact that the moment of dive which
is produced by moving the elevator during the process of escape re-
duces the angle of attack, while at small angles of attack the
static stability of the alrcraft along its path is usually increased
(or developed for the first time). As a result, it becomes more dif-
ficult to use the rudder to create the inward sideslip which is desir-
able from the standpoint of insuring escape fromspin (the effect of
the elevator, as a rule, is insufficient to shift the aircraft to
subcritical angles of attack).

Moving the elevator (and especially the movable stabilizer)
to escape spin before moving the rudder can also lead to a considerable
increase in the shadowing of flow over the horizontal part of the
empennage, thus reducing the effectiveness of the rudder.

Waiting the required period of time between moving the control
surfaces and pulling an aircraft out of a stable spin is necessary
in order that the rudder which has been tilted can generate the
required inward sideslip, which in turn must be sufficiently effective
in reducing the absolute value of the autorotational moment. When
pulling an aircraft out of an unstable spin, the control surfaces
are tilted simultaneously to escape, since in this case even a small
increase is sufficient to terminate the regime, while sometimes a
spin of this kind can only exist with the control surfaces tilted
with the spin.

As we have already pointed out, an increase in the degree of
static stability aleng its path, which usually arises when the angle
of attack is reduced (except in those cases when spin is occuring
at very high or supercritical angles of attack, when the alrcraft may
have a considerable degree of stability along its path; see for
example Fig. 4.u46), it becomes difficult to create inward sideslip in
the case where the rudder is moved after the elevator has been moved.
This can be one of the most important reasons for causing deteriora-
tion of conditions for escaping from spin when using the reverse

order of moving the control surfaces to escape. However, we must
keep in mind the existence of the following contradictory factors
when discussing the reason for this phenomenon. On the one hand,

the instability of the aircraft along its path, which usually appears

at large angles of attack, causes an increase in the absolute values

of the sideslip angle and in the angular velocity of yaw of the air-
craft in spin. The latter causes an increase in the inertial moment /2!
Mgin, which in turm causes an increase in the angle of attack of the
aircraft and an increase in the aerodynamic diving moment which is
required for the aircraft to escape from the spin. The greater

the positive derivative the greater the sideslip angle will be and
the larger the angular ve%oc1ty of yaw and the angle of attack must

be.
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When the rudder is tilted with spin and the aircraft is direc-
tionally unstable, angles of outward sideslip may be formed which
are larger in absolute value than is the case for stable regimes.
As a result, the changes in the sideslip angle which are required
to produce inward sideslip (to pull the aircraft out of the spin)
increase. All of this makes it more difficult to pull the aircraft
out of the spin.

On the other hand, however, the directional instability of the
aircraft causes an increase in the variations of the angular velocity
of yaw and the sideslip angle of the aircraft. These oscillations
increase sharply with an increase in the degree of directional in- -
stability and a reinforcement of the nonlinear character of the curve
of its dependence on the angles of attack and sideslip (which usually
occurs at supercritical angles of attack).

The changes in the angle of attack and the angular velocity of
yaw mean that the influence of the transverse static stability of
the aircraft (the effect of the restoring moment of roll AMyp=ME B8
and the spiral moment of roll AMzpwy = MBywy produces intense oscil-
lations in the angular velocity of roll. The changes in the angular
velocities of roll and yaw under the influence of the inertial
moment of pitchs. Mg- caused changes in the velocity of pitch and
consequently in the angle of attack of the aircraft. Therefore, an
increase in the directional instablility produces a sharp increase
in both the forward and transverse (as well as longitudinal) oscil-
lations of the aircraft.

With considerable directional instability of the aircraft, the
changes in the angle of attack during spin may increase to the point
where the aircraft will periodically approach subcritical regimes and
in some cases will periodically slip into these regimes, with the
control surfaces held firmly in place with the spin. However, due to
the great variations in the angle of sideslip, there may be a periodic
occurrence of a considerable inward sideslip which significantly re-
duces the absolute value of the autorotational moment of the wings.
A1l of these factors make it easier to pull the aircraft out of the
spin.

(e¢) TILTING THE AILERONS

Another inadmissable error in piloting is movimg the ailerons
in the regime, especially when escaping from a spin (except in the
case when Method 4 is used). The pilot must attempt to keep the
ailerons in a strictly neutral position during the spin and when
escaping from it (or in an initially balanced condition if it is
different from the neutral position). Even a small tilting of the /221
aileron is usually sufficient to cause significant changes in the
nature of spin, and therefore in the conditions for escaping from
it. Fig. 5.24 shows a regime in which the aililerons were tilted
against spin to an angle of A8z =~ 2-3° (an error which a pilot can
easily make if he does not pay sufficient attention to the position
of the control stick during the regime). This has been found to be
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sufficient so that following an unintentional, very brief movement
of the control stick, the aircraft changed from a left-hand normal
spin to a left-hand inverted spin (¢ &= 25 sec). The pilot was un-
able to orient himself to this change in the regime and continued
to hold the control surfaces in a position corresponding to left-
hand normal spin. This meant that the inverted spin was continued
and he escaped from it only by setting the control surfaces in a
neutral condition.

A very serious error in piloting which usually makes it impos-
sible to pull the alircraft out of the spin is moving the ailerons
against the spin when attempting to escape (in supersonic aircraft,
this usually only speeds up the autorotation).

(d) DIFFICULTY IN DETERMINING THE NATURE OF SPIN AND THE
POSITION OF THE AIRCRAFT IN THE SKY.

In a number of cases, as we have already pointed out, errors
in piloting can be committed due to difficulty in the pilot's
orienting himself in spin or (more exactly) due to an incorrect
estimate on his part of the nature of the motion, the direction of
rotation, and the position of the aircraft in space. In the example
shown in Fig. 5.25, the pilot found it difficult to orient himself
in the regime (i.e., to estimate the nature of the regime, so that
he did not realize the aircraft had shifted from a left-hand normal
spin to a left-hand inverted spin at ¢t &~ 19 sec): as a result, he
continued trying to pull the aircraft out of the inverted spin by
using Method 2 for escape from normal spin. This error caused the
aircraft to shift from left-hand inverted spin to right-hand normal
spin, for which the corresponding movement of the rudder sufficed
to place it-in a spin. Escape from spin tock place only after the
controls were set to a neutral position.

Setting the controls in a neutral position to escape is the
best thing the pilot can do under these circumstances, when he is
unable to orient himself as to the nature of the spin. This is be-
cause such a difficulty in orientation in a properly trained pilot
can only occur under highly unstable conditions of spin, involving
considerable oscillations of the aircraft, i.e., in an unstable
regime. However, in this case, it is also necessary to employ
Escape Method 1.

(e) USE OF AN INSUFFICIENTLY "STRONG" (EFFECTIVE) METHOD OF RECOVERY

We mentioned earlier that the choice of a method of pulling an
aircraft out of a spin 1s made in accordance with the nature of the
regime. This means that it is necessary to avoid methods of escape
which are either "too strong'" (overcautiousness) or insufficiently
"strong" (when the pilot is unable to estimate the intensity and
stability of the aircraft's rotation in the spin). Using a "weaker"
method of escape than 1s required for a given spin naturally means
that the aircraft fails to emerge from the spin, or that it does
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escape but with a considerable delay. The latter circumstance can /224
actually be viewed as failure to escape, since from a practical
standpoint, a very prolonged period of rotation of the aircraft
following movement of the control surfaces to escape is taken by the
pilot as failure to escape.

Use of an insufficiently "strong" method of escape is inadmis-
sible,not only in the case of stable spin with uniform and intense
rotation of the aircraft, but also in the case of unstable spin, due
to the increased delay in escaping. At low altitudes this can be
dangerous for two reasons: in the first place, due to the consider-
able increase in the delay itself, and secondly, due to the loss of
altitude available for escape when an aircraft slips into a spin
at low altitude.

In pulling the aircraft out of a spin, the pilot must always
wait as long as possible after moving a control surface to escape
(at least 12-15 seconds, and longer when sufficient altitude is
available) before moving these surfaces again with spin, beginning
a second attempt to escape by using a "stronger" method if the first
attempt © escape has not been successful. This is because, in the
first place, the escape of the aircraft can take place with a
relatively long delay, (particularly as the result of piloting errors
which are usually not so serious that they make it impossible to
pull the aircraft out of the spin), and in the second place because
of the excited state of the pilot in this unusual (non-operational)
flight regime for periods of time lasting several seconds, during
which time he may think a much longer period of time has passed.
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